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Abstract
M a n y  e - S c i e n c e  a p p l i c a t i o n s  a r e  d a t a  i n t e n s i v e .  T h e  a d v a n c e s  i n  a u t o m a t i o n ,  c o m m u n i ­
c a t i o n ,  s e n s i n g  a n d  c o m p u t a t i o n  e n a b l e  e x p e r i m e n t a l  s c i e n c e  t o  g e n e r a t e  d a t a  a n d  d i g i t a l  
o b j e c t s  a t  g r e a t  s p e e d s  a n d  v o l u m e s .  M e t a d a t a  e m e r g e  a s  a  k e y  t e c h n o l o g y  t o  b e t t e r  e x p l o i t  
t h e s e  a s s e t s .  T h i s  w o r k  v i e w s  t h e  r e l a t i o n s h i p  b e t w e e n  d a t a  a n d  m e t a d a t a  a s  a  ‘ b i n d i n g ’ , 
a n d  p r o p o s e s  a  n o v e l  a p p r o a c h  t o  m a n a g i n g  s u c h  b i n d i n g s .
F i r s t l y ,  a n  o r i g i n a l  i n v e s t i g a t i o n  o f  b i n d i n g - r e l a t e d  i s s u e s  i s  p r e s e n t e d .  A  c l a s s i f i c a t i o n  
f r a m e w o r k  i s  d e v e l o p e d  t o  e s t a b l i s h  a  w a y  o f  t h i n k i n g  a b o u t  b i n d i n g s .  E v i d e n c e  o b t a i n e d  
f r o m  e m p i r i c a l  a n a l y s i s  r e v e a l s  t h a t  a  l a c k  o f  e x p l i c i t  b i n d i n g  m a n a g e m e n t  m i g h t  c a u s e  
s e r i o u s  p r o b l e m s ,  f o r  e x a m p l e ,  i n f o r m a t i o n  i n c o n s i s t e n c y .
S e c o n d l y ,  t o  c l a r i f y  t h e  c o n c e p t s ,  a  f o r m a l  b i n d i n g  m o d e l  i s  d e v e l o p e d .  A  b i n d i n g -  
o r i e n t e d  a p p r o a c h  i s  p r o p o s e d  w h e r e  b i n d i n g s  a r e  f i r s t - c l a s s  c i t i z e n s .  D e s i r a b l e  b i n d i n g  
p r o p e r t i e s  a n d  o p e r a t i o n s  a r e  d e f i n e d .
B a s e d  o n  t h e  f o r m a l  m o d e l ,  a  n o v e l  b i n d i n g  m a n a g e m e n t  a p p r o a c h  i s  d e r i v e d ,  w h e r e  
b i n d i n g s  a r e  i n d e p e n d e n t l y  m a n a g e d .  T h e  b i n d i n g  r e p r e s e n t a t i o n  a n d  s y s t e m  o p e r a t i o n s  
a r e  s p e c i f i e d .  T h e  v i a b i l i t y  o f  t h e  d e s i g n  i s  d e m o n s t r a t e d  b y  a  p r o t o t y p e  i m p l e m e n t a t i o n .  
T h e  p e r f o r m a n c e  o f  t h e  b i n d i n g  s y s t e m  i s  q u a n t i f i e d  b y  e x p e r i m e n t a l  m e a s u r e m e n t s .  T o  
p r o v i d e  s c a l a b i l i t y ,  c l o u d  c o m p u t i n g  t e c h n o l o g y  i s  a d o p t e d  a n d  e x p e r i m e n t a l  i n v e s t i g a t i o n  
s h o w s  a  H a d o o p - b a s e d  b i n d i n g  s y s t e m  i s  c a p a b l e  o f  p r o c e s s i n g  v e r y  l a r g e  n u m b e r s  o f  
b i n d i n g s .
F i n a l l y ,  a  p r o o f  o f  c o n c e p t  f o r  t h e  b i n d i n g  a p p r o a c h  i s  p r o v i d e d  b y  a  p r a c t i c a l  i n s t a l l a ­
t i o n  i n  a  c o n c r e t e  s c i e n t i f i c  a p p l i c a t i o n .  T h e  e x p e r i m e n t a l  r e s u l t s  c o n f i r m  t h a t  t h e  b i n d i n g  
a p p r o a c h  i s  u s e f u l  i n  f a c i l i t a t i n g  s u c h  s y s t e m s  a t  a f f o r d a b l e  c o m p u t a t i o n a l  c o s t s .  I n  a d d i ­
t i o n ,  t h e  u s e  o f  b i n d i n g  i n  a  s e t  o f  u s e  s c e n a r i o s  d e m o n s t r a t e s  t h e  v a l u e  o f  t h i s  a p p r o a c h  
i n  s u p p o r t  o f  a  v a r i e t y  o f  s c i e n t i f i c  a p p l i c a t i o n s .
A l t h o u g h  t h e  s t u d y  h a s  b e e n  c a r r i e d  o u t  i n  t h e  c o n t e x t  o f  e - S c i e n c e  a p p l i c a t i o n s ,  t h e  
a p p r o a c h  i s  m u c h  m o r e  w i d e l y  a p p l i c a b l e .
A c k n o w l e d g e m e n t s
I  w o u l d  l i k e  t o  t h a n k  m y  s u p e r v i s o r  P r o f e s s o r  M a l c o l m  A t k i n s o n ,  f o r  h i s  g u i d a n c e  a n d  t h e  
w i s e  a d v i c e  h e  g a v e  m e  t h r o u g h o u t  m y  P h D  s t u d y .  T h a n k s  t o  m y  s e c o n d  s u p e r v i s o r  D r  
S t u a r t  A i t k e n ,  f o r  a l l  t h e  b e n e f i c i a l  d i s c u s s i o n s .  G r e a t  t h a n k s  t o  P r o f e s s o r  D o n  S a n n e l l a ,  
P r o f e s s o r  E w a n  K l e i n  w h o  h a v e  r e v i e w e d  m y  s t u d y  a n d  g a v e  m a n y  a d v i c e  a n d  u s e f u l  
i n f o r m a t i o n .  T h a n k s  t o  P r o f e s s o r  W e n f e i  F a n  f o r  t h e  d i s c u s s i o n s  o f  t h e  f o r m a l  m o d e l .
I  a m  g r a t e f u l  t o  p e o p l e  a n d  o r g a n i s a t i o n s  f o r  p r o v i d i n g  a c c e s s  t o  t h e i r  r e s o u r c e s :
•  N a t i o n a l  e - S c i e n c e  C e n t r e ;
•  P r o f e s s o r  R i c h a r d  B a l d o c k ,  a n d  D r  D u n c a n  D a v i d s o n  f r o m  M R C  H G U ;
•  P r o f e s s o r  S u s a n  L i n d s a y ,  a n d  S t e v e n  N .  L i s g o  f r o m  N e w c a s t l e  H D B R ;
•  P r o f e s s o r  P e t e r  B u m h i l l ,  C h r i s  H i g g i n s  a n d  D r  D a v i d  M e d y c k y j - S c o t t  f r o m  E D E N A  
D a t a  L i b r a r y  a n d  G e o  R e s e a r c h .
M u c h  h e l p  a n d  s u p p o r t  h a s  b e e n  o b t a i n t e d  f r o m  t h e  f o l l o w i n g  p e o p l e  a n d  p r o j e c t s ,  
g r e a t  t h a n k s  t o  t h e m :
•  D a t a  r e s o u r c e s  a r e  o b t a i n e d  f r o m :  D r  C l i v e  D a v e n h a l l  a n d  P r o f e s s o r  R i c h a r d  S i n -  
n o t t  f r o m  t h e  N a n o C M O S  p r o j e c t ;  t h e  D G E M a p  p r o j e c t ;  a n d  t h e  E u r E x p r e s s  p r o j e c t ;
•  T e c h n i q u e  s u p p o r t s  a r e  o b t a i n e d  f r o m  t h e  O G S A - D A I  t e a m ;
•  R e s e a r c h  m a t e r i a l s  a r e  o b t a i n e d  f r o m  P r o f e s s o r  C a r o l e  G o b l e  a n d  D r  O s c a r  C o r -  
c h o  f r o m  t h e  O n t o G r i d  p r o j e c t ;  D r  P h i l i p  L o r d  f r o m  t h e  M y G r i d  p r o j e c t ;  a n d  t h e  
C O B r A - C T  p r o j e c t .
T h a n k s  t h e  U n i v e r s i t y  o f  E d i n b u r g h  f o r  p r o v i d i n g  t h e  s c h o l a r s h i p .
F i n a l l y ,  t h a n k s  t o  m y  c l o s e  f r i e n d  J e a n  W a l k e r ,  m y  d e a r  p a r e n t s  a n d  s i s t e r .  T h a n k s  v e r y  
m u c h  f o r  t h e i r  c o n s i s t e n t  e n c o u r a g e m e n t  a n d  s u p p o r t .  T h e i r  l o v e  c a r r i e s  m e  t h r o u g h o u t  
l o n g  j o u r n e y .
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C h a p t e r  1
I n t r o d u c t i o n
1 . 1  M o t i v a t i o n
T h i s  w o r k  e x a m i n e s  t h e  p r o b l e m s  o f  s c i e n t i f i c  d a t a  a n d  m e t a d a t a  m a n a g e m e n t  f r o m  a  
n e w  p o i n t  o f  v i e w .  M a n y  e - S c i e n c e  a p p l i c a t i o n s  a r e  d a t a  i n t e n s i v e .  T h r o u g h o u t  t h e  U K  
a n d  t h e  w o r l d ,  h u g e  q u a n t i t i e s  o f  d a t a  a n d  d i g i t a l  o b j e c t s  a r e  g a t h e r e d  a t  g r e a t  e x p e n s e .  
M e t a d a t a  e m e r g e s  a s  a  k e y  t e c h n o l o g y  t o  b e t t e r  e x p l o i t  t h e s e  a s s e t s  b y  a l l o w i n g  d a t a  t o  b e  
p u b l i s h e d  w i t h  t h e i r  a s s o c i a t e d  c o n t e x t u a l  i n f o r m a t i o n  s o  a s  t o  a i d  t h e i r  f u t u r e  d i s c o v e r y  
a n d  r e u s e .  T h i s  w o r k  v i e w s  t h e  r e l a t i o n s h i p  b e t w e e n  d a t a  a n d  m e t a d a t a  a s  a  ‘ b i n d i n g ’ , a n d  
i n v e s t i g a t e s  a p p r o a c h e s  t o  s u p p o r t  t h e  m a n a g e m e n t  o f  s u c h  b i n d i n g s  a s  f i r s t  c l a s s  e n t i t i e s 1 .
T h e  n e e d  t o  e f f i c i e n t l y  m a n a g e  t h e  d a t a - m e t a d a t a  r e l a t i o n s h i p  a r i s e s  i n  a  v a r i e t y  o f  s c i ­
e n t i f i c  a p p l i c a t i o n s ,  s u c h  a s  a  p r o v e n a n c e  s y s t e m  w h i c h  t r a c k s  t h e  b i o l o g i c a l  w o r k f l o w s ,  
o r  a  d i s t r i b u t e d  m e d i c a l  i m a g e  a n n o t a t i o n  s y s t e m .  I n  s u c h  a p p l i c a t i o n s ,  t h e  d a t a  a n d  m e t a ­
d a t a  a r e  o f t e n  c r e a t e d  a n d  s t o r e d  s e p a r a t e l y ,  e . g . ,  t h e y  m a y  b e  g e n e r a t e d  b y  d i f f e r e n t  u s e r s ,  
i n  d i f f e r e n t  c o m p u t i n g  p r o c e s s e s ,  s t o r e d  a t  d i f f e r e n t  l o c a t i o n s ,  i n  d i f f e r e n t  t y p e s  o f  s t o r ­
a g e .  D a t a  a n d  m e t a d a t a  m a y  h a v e  d i f f e r e n t  l i f e c y c l e s ,  e . g . ,  t h e y  m i g h t  h a v e  b e e n  c r e a t e d  
a t  a  d i f f e r e n t  t i m e ,  u p d a t e d  a n d  r e m o v e d  i n d e p e n d e n t l y .  O f t e n ,  t h e r e  i s  m o r e  t h a n  o n e  s e t  
o f  m e t a d a t a  r e l a t e d  t o  a  s i n g l e  d a t a  r e s o u r c e ,  e . g . ,  w h e n  t h e  e x i s t i n g  m e t a d a t a  b e c o m e s  i n ­
s u f f i c i e n t ,  u s e r s  m a y  d e s i g n  n e w  t e m p l a t e s  t o  m a k e  a n o t h e r  m e t a d a t a  c o l l e c t i o n .  W i t h o u t  
e f f i c i e n t  s o f t w a r e  a n d  t o o l s ,  b i n d i n g  m a n a g e m e n t  b e c o m e s  o n e r o u s .
A  b i o l o g i c a l  h i g h - t h r o u g h p u t  i m a g e  g e n e r a t i o n  a n d  a n n o t a t i o n  s y s t e m ,  t h e  E u r E x p r e s s  
p r o j e c t 2 , w a s  s t u d i e d .  N u m e r o u s  p r o b l e m s  w e r e  i d e n t i f i e d ,  s u c h  a s  i n f o r m a t i o n  i n c o n s i s ­
t e n c y ,  a n d  t r a c e d  t o  t h e  l a c k  o f  a n  e f f e c t i v e  b i n d i n g  m e c h a n i s m .  T h e  e m p i r i c a l  e v i d e n c e  
s h o w s  t h a t  b i n d i n g s  b e t w e e n  d a t a  a n d  m e t a d a t a  a r e  v u l n e r a b l e  t o  f a i l u r e s  i n  t h e  p r o c e s s e s  
t h a t  c r e a t e  a n d  m a i n t a i n  t h e m ,  a n d  t o  f a i l u r e s  i n  t h e  s y s t e m s  t h a t  s t o r e  t h e i r  r e p r e s e n t a ­
1 Informally, a binding can be thought of as a link or association between data and metadata. See section 
2.1.3 for a discussion of why we have chosen the term ‘binding’.2EurExpress project: www.eurexpress.org
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2 C h a p t e r  1 .  I n t r o d u c t i o n
t i o n s .  A s  b i n d i n g s  c a r r y  s e m a n t i c  i n f o r m a t i o n  t h a t  m a y  o n l y  e x i s t  b y  v i r t u e  o f  t h e  b i n d i n g ,  
i t  i s  i m p e r a t i v e  t o  d e v i s e  m e t h o d s  t h a t  r e d u c e  t h e s e  f a i l u r e s ,  i d e a l l y  t o  z e r o .
W h i l e  t h e  d i s t i n c t i o n  b e t w e e n  d a t a  a n d  m e t a d a t a  i s  g e n e r a l l y  a c c e p t e d ,  a n d  m a n y  
m e t a d a t a  s c h e m e s  a r e  i n  u s e ,  n o  r e p o r t e d  a r c h i t e c t u r e  i s  k n o w n  w h e r e  t h e s e  b i n d i n g s  a r e  
e x p l i c i t l y  m a n a g e d .  T h e  p r i m a r y  m o t i v a t i o n  f o r  t h i s  w o r k  i s  t o  m a k e  a  f i r s t  a t t e m p t  t o  a  
p r a c t i c a l  i m p l e m e n t a t i o n  o f  a  b i n d i n g  s y s t e m  t o  m a n a g e  s c i e n t i f i c  d a t a  a n d  m e t a d a t a .
1 . 2  H y p o t h e s i s  a n d  C h a l l e n g e s
T h i s  w o r k  e v a l u a t e s  t h e  h y p o t h e s i s e  t h a t :
A  s im p le  b in d in g  s y s te m , w h i c h  s to re s  a n d  m a n ip u la t e s  th e  b in d in g  r e p r e s e n ­
ta t io n s  b e tw e e n  d a ta  a n d  m e ta d a ta  is  b o t h  f e a s i b le  a n d  u s e fu l, in  c o m b in a t io n  
w it h  o t h e r  s e r v ic e s  a n d  to o ls , f o r  s e r v i n g  th e  v a r io u s  ty p e s  a n d  s c a le s  o f  s c i ­
e n t if ic  d a ta  a n d  m e ta d a ta  in  a  d i s t r ib u t e d  c o m p u t i n g  c o n te x t .
I n  t h e  s t u d i e s  o f  e x i s t i n g  s c i e n t i f i c  a p p l i c a t i o n s  w e  o b s e r v e d  t h a t  b i n d i n g s  w e r e  e m b e d d e d  
w i t h i n  o t h e r  p a r t s  o f  t h e  d a t a  o r  m e t a d a t a  r e p r e s e n t a t i o n .  W e  h y p o t h e s i s  t h a t  t h i s  h a d  n o t  
b e e n  a  c o n s i d e r e d  d e s i g n  c h o i c e  b u t  a  m i n i m a l  e f f o r t  a s  t h e  n e e d  a r o s e  i n c r e m e n t a l l y  d u r ­
i n g  s y s t e m  d e v e l o p m e n t .  A s  t h e  b i n d i n g s  w e r e  n o t  e x p l i c i t l y  e x p o s e d ,  t h e i r  s u b s e q u e n t  
m a n a g e m e n t  b e c o m e  d i f f i c u l t  o r  i n f e a s i b l e .  O u r  h y p o t h e s i s  i s  t h a t  b y  i d e n t i f y i n g  b i n d ­
i n g s  a n d  p r o v i d i n g  a  b i n d i n g  s e r v i c e  a s  e a s y  t o  u s e  a s  F l i c k r 3 , t h e  f u t u r e  d e v e l o p e r s  o f  
s c i e n t i f i c  a p p l i c a t i o n s  w o u l d  f i n d  u s e  o f  t h i s  a p p r o a c h  t o  b e  t h e  m i n i m a l  e f f o r t  p a t h .  T h i s  
w o u l d  r e s u l t  i n  c l e a r e r  b i n d i n g  s e m a n t i c s  a n d  f a c i l i t a t e  s u b s e q u e n t  b i n d i n g  m a n a g e m e n t  
a n d  e v a l u a t i o n .
T h e r e  a r e  m a n y  c h a l l e n g e s .  P r o b l e m s  i n  t h e  m a n a g e m e n t  o f  d a t a - m e t a d a t a  b i n d i n g s  
e x i s t ,  b u t  t h e y  h a v e  n o t  b e e n  c l e a r l y  i d e n t i f i e d  a s  y e t .  V e r y  f e w  d i s c u s s i o n s  a b o u t  b i n d i n g s  
c a n  b e  f o u n d  i n  l i t e r a t u r e .  E x i s t i n g  s y s t e m s  a n d  a p p l i c a t i o n s  a r e  d e s i g n e d  f o r  v a r i o u s  p u r ­
p o s e s ,  a n d  d e s c r i b e  t h e i r  a p p r o a c h e s  f r o m  t r a d i t i o n a l  ( o r  t h e i r  o w n )  p o i n t s  o f  v i e w s .  W h a t  
i s  n e e d e d  i s  t o  d e v e l o p  t h e  u n d e r s t a n d i n g  o f  b i n d i n g  r e q u i r e m e n t s  t h r o u g h  o b s e r v a t i o n s ,  
e s t a b l i s h  t h e  w a y  o f  t h i n k i n g  a b o u t  t h e  n e w  c o n c e p t ,  e x a m i n e  t h e  e x i s t i n g  s y s t e m s  f r o m  
b i n d i n g  p o i n t  o f  v i e w ,  a n d  i d e n t i f y  a n y  r e l a t e d  p r o b l e m s .
H a v i n g  i m p r o v e d  t h e  u n d e r s t a n d i n g  o f  t h e  b i n d i n g s ,  i t  i s  s t i l l  d i f f i c u l t  t o  d e s i g n  a  
g e n e r i c  t o o l  t o  m a n a g e  v a r i o u s  t y p e s  a n d  s c a l e s  o f  s c i e n t i f i c  d a t a  a n d  m e t a d a t a .  T h e  d i ­
v e r s i t y  o f  s c a l e  a n d  r e p r e s e n t a t i o n s  o f  s c i e n t i f i c  d a t a  a n d  m e t a d a t a  p r e s e n t s  s i g n i f i c a n t  
c h a l l e n g e s .  B i n d i n g s  s h o u l d  h a v e  e x i s t e n c e  i n d e p e n d e n t  f r o m  d a t a  a n d  m e t a d a t a .  T h e  
c o m p u t a t i o n a l  r e p r e s e n t a t i o n  f o r  b i n d i n g s  s t o r e d  a n d  m a n i p u l a t e d  b y  a  b i n d i n g  s y s t e m  
s h o u l d  b e  s i m p l e  a n d  t o l e r a n t  o f  s e m a n t i c  d i v e r s i t y  o f  v a r i o u s  d a t a  a n d  m e t a d a t a ,  m e a n ­
w h i l e  i t  s h o u l d  b e  a b l e  t o  s u p p o r t  s c a l a b l e  d a t a / m e t a d a t a  p r o c e s s e s .  H o w e v e r ,  a s  t h e r e  i s
3Flickr: http://www.flickr.com/, a popular web service for users to manage and share photos.
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l i t t l e  p r i o r  e x p e r i e n c e  o f  h a n d l i n g  b i n d i n g s  i n d e p e n d e n t l y ,  d e s i g n  d e c i s i o n s  o n  a  s u i t a b l e  
d a t a  s t r u c t u r e  f o r  b i n d i n g s  a r e  d i f f i c u l t  t o  m a k e .  I n  a d d i t i o n ,  a  b i n d i n g  s y s t e m  r u n s  i n  
d i s t r i b u t e d  e n v i r o n m e n t s  w h e r e  d a t a  a n d  m e t a d a t a  r e s o u r c e s  a r e  p r e - e x i s t i n g  a u t o n o m o u s  
s t o r a g e  s y s t e m s  a n d  b e y o n d  t h e  c o n t r o l  o f  t h e  b i n d i n g  s y s t e m .  I t  i s  a  d e s i g n  c h a l l e n g e  t o  
s p e c i f y  a p p r o p r i a t e  b i n d i n g  o p e r a t i o n s  t o  s u p p o r t  c o m p l e x  d y n a m i c  b e h a v i o u r s  o f  s c i e n ­
t i f i c  a p p l i c a t i o n s .  S u c h  o p e r a t i o n s  s h o u l d  b e  e a s y  t o  u n d e r s t a n d  a n d  e f f i c i e n t  t o  u s e .
A s  t h e  b i n d i n g  s y s t e m  i s  t h e  f i r s t  i m p l e m e n t a t i o n  o f  s u c h  a  s y s t e m ,  i t  i s  d i f f i c u l t  t o  
e v a l u a t e  t h e  f e a s i b i l i t y  o f  t h e  a p p r o a c h  a n d  c o n v i n c e  u s e r s  t o  a d o p t  t h e  n e w  t o o l .
D u r i n g  t h e  r e s e a r c h  e x p l o r a t i o n ,  t h e s e  q u e s t i o n s  w i l l  b e  a n s w e r e d .  T h e  n e x t  s e c t i o n  
p r o v i d e s  a n  o v e r v i e w  o f  o u r  a p p r o a c h .
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T o  d e v e l o p  a n  u n d e r s t a n d i n g  o f  b i n d i n g s ,  w e  s t a r t  f r o m  t h e  o b s e r v a t i o n s  a n d  a n a l y s i s  o f  
r e a l - w o r l d  s y s t e m s .  A  c l a s s i f i c a t i o n  f r a m e w o r k  i s  d e v e l o p e d ,  a n d  u s e d  t o  a n a l y s e  c h a r ­
a c t e r i s t i c s  o f  b i n d i n g s  i n  v a r i o u s  c o m p u t a t i o n a l  c o n t e x t s .  A n  e m p i r i c a l  s t u d y  o f  a  c h o s e n  
u s e  c a s e  r e v e a l s  n u m e r o u s  b i n d i n g - r e l a t e d  p r o b l e m s .  T h e n  a  f o r m a l  m o d e l  i s  p r o v i d e d  
t o  c l a r i f y  t h e  c o n c e p t  a n d  t o  c a p t u r e  t h e  b i n d i n g  r e q u i r e m e n t s  o b t a i n e d  f r o m  r e a l - w o r l d  
o b s e r v a t i o n s .  T h e  f o r m a l  m o d e l  i s  u s e d  a s  a  f o u n d a t i o n  a l l o w i n g  t h e  b i n d i n g  p r o b l e m s  
i d e n t i f i e d  f r o m  r e a l  p r a c t i c e s  t o  b e  d e s c r i b e d  p r e c i s e l y .
T h e  k e y  c o n t r i b u t i o n  o f  t h i s  w o r k  i s  a  n o v e l  b i n d i n g  a p p r o a c h  t o  s c i e n t i f i c  d a t a  a n d  
m e t a d a t a  m a n a g e m e n t .  B a s e d  o n  t h e  f o r m a l  m o d e l ,  a  s i m p l e  b i n d i n g  s y s t e m  i s  p r o p o s e d  
w h i c h  m a n a g e s  b i n d i n g s  a s  i n d e p e n d e n t  e n t i t i e s  b e t w e e n  d a t a  a n d  m e t a d a t a .  T h e  p r o ­
p o s e d  b i n d i n g  s y s t e m s  c o n s i s t s  o f  a  b i n d i n g  d a t a  s t r u c t u r e  w h e r e  b o t h  d a t a  a n d  m e t a d a t a  
e l e m e n t s  a r e  r e f e r e n c e s  t o  t h e  r e s p e c t i v e  s o u r c e s ,  a n d  b i n d i n g s  h a v e  u s e r - a s s i g n e d  t a g s  
t h a t  d e s c r i b e  t h e  n a t u r e  o f  t h e  b i n d i n g .  A  s e t  o f  o p e r a t i o n s  f o r  m a n a g i n g  t h e  b i n d i n g  a r e  
s p e c i f i e d .  T h e  d e s i g n  o f  t h e  b i n d i n g  s y s t e m  i s  k e p t  a s  s i m p l e  a s  p o s s i b l e .  T h i s  c a n  l a r g e l y  
r e d u c e  i m p l e m e n t a t i o n  c o s t ,  a n d  a v o i d  c o m p l e x i t y  w h e n  i n t e g r a t i n g  w i t h  e x t e r n a l  t o o l s  o r  
s e r v i c e s .  T h e  i n t e n t i o n  i s  t o  a l l o w  e a s y  a d o p t i o n  b y  a p p l i c a t i o n  d e v e l o p e r s .
T h e  b i n d i n g  m o d e l  i s  i m p l e m e n t e d  a s  a  w e b  s e r v i c e .  T h i s  a l l o w s  u s e r  a p p l i c a t i o n s  t o  
a s s o c i a t e  w e b - a c c e s s i b l e  d a t a  a n d  m e t a d a t a ,  a n d  t o  a n n o t a t e  t h e  c o n t e n t s  a n d  t h e  c o n t e x t s  
o f  t h e  b i n d i n g s  b y  u s i n g  t a g s .  T h e  b i n d i n g  s e r v i c e  i s  n o t  d e s i g n e d  f o r  s c i e n t i s t s  t o  u s e  
d i r e c t l y ,  r a t h e r  i t  i s  i n t e n d e d  t o  s e r v e  a s  a  f u n c t i o n a l  u n i t  i n  c o n j u n c t i o n  w i t h  o t h e r  s e r v i c e s  
a n d  t o o l s ,  f o r  e x a m p l e ,  t o  a c t  a s  a  t h i r d  e n d - p o i n t  b e t w e e n  t h e  e x i s t i n g  d a t a  r e s o u r c e s  
a n d  m e t a d a t a  r e s o u r c e s  a n d  p r o v i d e  b i n d i n g  f a c i l i t i e s .  I n  t h i s  w a y ,  t h e  b i n d i n g  s e r v i c e  
c a n  e x t e n d  e x i s t i n g  s y s t e m s  t o  h a v e  b i n d i n g  f a c i l i t i e s  a u t o m a t i c a l l y .  T h e  b i n d i n g  s y s t e m  
p r e s e n t s  t h e  f o l l o w i n g  f e a t u r e s :
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T h e  s y s t e m  s t o r e s  t h e  r e f e r e n c e s  t o  t h e  d a t a  a n d  m e t a d a t a  r a t h e r  t h a n  t h e  p h y s i c a l  
d a t a s e t s .  T r a d i t i o n a l l y ,  t h e  d i s t r i b u t e d  d a t a  a n d  m e t a d a t a  h a v e  o f t e n  b e e n  c o p i e d  a n d  
h o u s e d  t o g e t h e r  i n  a  c e n t r a l i s e d  r e p o s i t o r y .  F o r  e x a m p l e ,  t h e  E u r E x p r e s s  p r o j e c t  p o o l s  
t h e  g e n e  e x p r e s s i o n  i m a g e s  a n d  t h e i r  a n n o t a t i o n s  f r o m  p a r t n e r  b i o l o g y  l a b s ,  a n d  t h e  A v i a n  
K n o w l e d g e  N e t w o r k  ( A K N ) 4  u s e s  a  d a t a  w a r e h o u s e  t o  c o l l e c t  a n d  s t o r e  a l l  6 0  d i s t r i b u t e d  
b i r d  o c c u r r e n c e  d a t a  s e t s  a n d  t h e i r  m e t a d a t a  [ K e l l  0 9 ] .  H o w e v e r ,  t h e  d a t a - m e t a d a t a  w a r e ­
h o u s i n g  a p p r o a c h  i s  q u i c k l y  b e c o m i n g  i n f e a s i b l e ,  a s  m o r e  d a t a  a n d  m e t a d a t a  s e t s  a r e  
b e c o m i n g  t o o  l a r g e ,  t o o  d y n a m i c  o r  j u s t  t o o  u n w i e l d y  t o  b e  c o - l o c a t e d  p r o d u c t i v e l y .  I n  
s o m e  c a s e s  t h e  o w n e r s  o f  t h e  d a t a  o r  m e t a d a t a  m a y  n o t  p e r m i t  c o p i e s .  W h i l e  t h e  p r o p o s e d  
a p p r o a c h  h a s  t h e  p o t e n t i a l  d i s a d v a n t a g e  t h a t  t o  r e t r i e v e  d a t a  a n d  m e t a d a t a  m a y  i n v o l v e  
m u l t i p l e  r e q u e s t s  a n d  h e n c e  b e  t i m e  c o n s u m i n g ,  i t  h a s  t h e  a d v a n t a g e  t h a t  a l l  d a t a  a n d  
m e t a d a t a  n o  l o n g e r  n e e d  t o  b e  c o p i e d  t o  a  c e n t r a l  s e r v e r  a n d  w i l l  b e  u p - t o - d a t e  w i t h  t h e  
o r i g i n a l  d a t a  s o u r c e s .  T h e  p r o p o s e d  a p p r o a c h  a l s o  h a s  t h e  a d v a n t a g e  t h a t  i t  d o e s  n o t  r e ­
q u i r e  c o - o p e r a t i o n  f r o m  d a t a  a n d  m e t a d a t a  o w n e r s ,  e x c e p t  f o r  s t a b i l i t y  o f  r e f e r e n c e s .  I n  
a d d i t i o n ,  i t  c a n  l i s t  d a t a  a n d  m e t a d a t a  h e l d  i n  m u l t i p l e  s o u r c e s .
S e v e r a l  s y s t e m s  p r o v i d e  a n  a d  h o c  b i n d i n g  m e c h a n i s m  w i t h i n  t h e i r  s y s t e m  f r a m e w o r k .  
F o r  e x a m p l e ,  t h e  O n t o G r i d  p r o j e c t 5  p r o v i d e s  a  S e m a n t i c  B i n d i n g  S e r v i c e  t o  c r e a t e ,  s t o r e ,  
u p d a t e  a n d  r e m o v e  t h e  l i n k a g e s  o f  t h e  G r i d  E n t i t i e s  a n d  K n o w l e d g e  E n t i t i e s  c o n s u m e d  
b y  o t h e r  s y s t e m  c o m p o n e n t s  [ C o r e  0 6 ,  G o b i  0 5 ] ,  N e v e r t h e l e s s ,  t h e  O n t o G r i d ’ s  S e m a n t i c  
B i n d i n g  S e r v i c e  i s  d e s i g n e d  t o  a d d r e s s  t h e  s p e c i f i c  i s s u e  o f  a d d i n g  s e m a n t i c  d e s c r i p t i o n s  
t o  G r i d  s e r v i c e  o f  t h e  O n t o G r i d  s y s t e m .  I t  i s  n o t  d e s i g n e d  f o r  g e n e r a l  d a t a - m e t a d a t a  m a n ­
a g e m e n t .  I n  c o n t r a s t ,  t h e  p r o p o s e d  a p p r o a c h  p r o v i d e s  a  g e n e r i c  b i n d i n g  m o d e l ,  w h i c h  i s  
w i d e l y  a p p l i c a b l e  t o  v a r i o u s  e - S c i e n c e  a p p l i c a t i o n s .  I n  a  s e n s e ,  t h e  O n t o G r i d  S e m a n t i c  
B i n d i n g  S e r v i c e  c a n  b e  r e g a r d e d  a s  a n  i m p l e m e n t a t i o n  i n s t a n c e  o f  t h e  b i n d i n g  m o d e l  p r o ­
p o s e d .  A n o t h e r  r e l a t e d  w o r k  i s  t h e  L i n k e d  D a t a  a p p r o a c h 6  w h i c h  a d d r e s s e s  m a n y  s i m i l a r  
i s s u e s  t o  t h e  b i n d i n g  s e r v i c e .  H o w e v e r ,  t h e  d e s i g n  o f  t h e  t w o  a p p r o a c h e s  i s  d i f f e r e n t  i n  
m a n y  w a y s .  A  c o m p a r i s o n  ( w h i c h  w i l l  b e  p r e s e n t e d  i n  C h a p t e r  8 )  s h o w s  t h a t  t h e  b i n d ­
i n g  s e r v i c e  a p p r o a c h  h a s  r e s t r i c t e d  b e h a v i o u r s  i n  d a t a  r e f e r e n c i n g  w h i c h  c a n  s i g n i f i c a n t l y  
r e d u c e  s y s t e m  c o m p l e x i t y .
I n  a d d i t i o n  t o  t h e  c o m p a r a t i v e  a n a l y s i s  i n  C h a p t e r  8 ,  t h e  p e r f o r m a n c e  o f  b i n d i n g  s e r ­
v i c e  i s  e v a l u a t e d  a n d  u s a g e  o f  t h i s  a p p r o a c h  i s  d e m o n s t r a t e d .  A  w o r k l o a d  m o d e l l i n g  
a n d  s i m u l a t i o n  m e t h o d  i s  u s e d  t o  q u a n t i f y  t h e  p e r f o r m a n c e  o f  t h e  b i n d i n g  s e r v i c e .  T h e  
c h a r a c t e r i s t i c  w o r k l o a d s  o f  c r e a t i o n s  a n d  q u e r i e s  t h a t  s u c h  a  s e r v i c e  m u s t  s u p p o r t  a r e  r e ­
p o r t e d .  S o  t h a t ,  s y n t h e t i c  w o r k l o a d s  w i t h  c o m p a r a b l e  p r o p e r t i e s  c a n  b e  s i m u l a t e d .  T h e n ,  
t h e  e f f i c i e n c y  o f  t h e  b i n d i n g  s e r v i c e  f o r  h a n d l i n g  s i m u l a t e d  w o r k l o a d s  a r e  m e a s u r e d .  T o
4AKN: www.avianknowledge.net
5OntoGrid project: www.ontogrid.net
6The Linked Data approach: http://linkeddata.org/
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d e m o n s t r a t e  u s a g e  o f  t h e  b i n d i n g  s e r v i c e ,  a  s a m p l e  i n s t a l l a t i o n  o f  t h e  b i n d i n g  s e r v i c e  t o  
t h e  E u r E x p r e s s  s y s t e m  i s  p r o v i d e d ,  w h i c h  i m p l e m e n t s  a  v a l i d a t i o n  o p e r a t i o n  t o  c h e c k  i n ­
c o n s i s t e n c y  b e t w e e n  E u r E x p r e s s  d a t a  a n d  m e t a d a t a .  T h e  e x p e r i m e n t a l  a n a l y s i s  r e s u l t s  
s h o w  t h a t  t h e  b i n d i n g  s e r v i c e  i s  a b l e  t o  d e t e c t  r e a l i s t i c  b i n d i n g  f a i l u r e s  i n  t h e  e x i s t i n g  
s y s t e m s  a t  a f f o r d a b l e  c o m p u t a t i o n a l  c o s t .  T o  i l l u s t r a t e  b i n d i n g  u s a g e  i n  o t h e r  t y p e s  o f  s c i ­
e n t i f i c  a p p l i c a t i o n s ,  s c e n a r i o - b a s e d  e v a l u a t i o n  i s  a p p l i e d ,  a n d  b i n d i n g  s o l u t i o n s  t o  s e v e n  
r e p r e s e n t a t i v e  u s e  s c e n a r i o s  a r e  p r o v i d e d .
1 . 4  T h e s i s  S t r u c t u r e  a n d  C o n t r i b u t i o n s
T h i s  s e c t i o n  d e s c r i b e s  t h e  o r g a n i s a t i o n  o f  t h e  t h e s i s  a r g u m e n t s  a n d  h i g h l i g h t s  t h e  c o n t r i ­
b u t i o n s  o f  t h e  r e s e a r c h .
C h a p t e r  2  c o n t r i b u t e s  a n  o r i g i n a l  i n v e s t i g a t i o n  o f  b i n d i n g - r e l a t e d  i s s u e s  i n  v a r i o u s  
s c i e n t i f i c  s y s t e m s .  T h i s  p r o v i d e s  e v i d e n c e  f o r  t h e  r e q u i r e m e n t s  f o r  e f f i c i e n t  b i n d i n g  m a n ­
a g e m e n t .  T h e  o b s e r v a t i o n s ,  w h i c h  s t a r t  w i t h  s c i e n t i f i c  d a t a  a n d  m e t a d a t a  p h e n o m e n a ,  a r e  
t h e n  s c o p e d  i n t o  m e t a d a t a  c e n t r i c  a p p l i c a t i o n s  a n d  f u r t h e r  n a r r o w e d  d o w n  t o  a  s p e c i f i c  
d o m a i n  a p p l i c a t i o n  a n d  a  t y p i c a l  u s e  c a s e .  T h e  b i n d i n g  c l a s s i f i c a t i o n  f r a m e w o r k  i s  d e ­
s c r i b e d .  T y p i c a l  b i n d i n g  p a t t e r n s  i n  f i v e  c l a s s e s  o f  s c i e n t i f i c  a p p l i c a t i o n s  a r e  r e p o r t e d .  
F r o m  t h e  e m p i r i c a l  s t u d y  o f  t h e  E u r E x p r e s s  S y s t e m ,  s i g n i f i c a n t  u n s o l v e d  b i n d i n g  p r o b ­
l e m s  a r e  i d e n t i f i e d  w h i c h  p o s e s  o p e n  r e s e a r c h  q u e s t i o n s  f o r  e - S c i e n c e .
C h a p t e r  3  c o n t r i b u t e s  a  s u r v e y  o f  r e l a t e d  a p p r o a c h e s  f r o m  t h e  l i t e r a t u r e .  R e p r e s e n ­
t a t i v e  s c i e n t i f i c  s y s t e m s  m a n a g i n g  d a t a  a n d  m e t a d a t a  a r e  e x a m i n e d  f r o m  a  b i n d i n g  p o i n t  
o f  v i e w .  T h e  c h a p t e r  a l s o  e x p l o r e s  a  n u m b e r  o f  s t a t e - o f - t h e - a r t  d a t a - r e f e r e n c e  a p p r o a c h e s ,  
a n d  t e c h n o l o g i e s  t h a t  c o u l d  b e  u s e d  i n  d e s i g n  o r  i m p l e m e n t a t i o n  o f  t h e  b i n d i n g  s y s t e m .
C h a p t e r  4  c o n t r i b u t e s  a  f i r s t  f o r m a l  m o d e l  f o r  b i n d i n g s  w h i c h  d e f i n e s  t h e  c o n c e p t s  
a n d  e s t a b l i s h e s  a  f o r m a l  f o u n d a t i o n  t o  d i s c u s s  t h e  b i n d i n g  p r o b l e m s .  A  b i n d i n g - o r i e n t e d  
a p p r o a c h  i s  p r o p o s e d ,  w h e r e  b i n d i n g s  a r e  t h e  f i r s t - c l a s s  c i t i z e n s  a n d  h a v e  a n  e x i s t e n c e  
i n d e p e n d e n t  o f  t h e i r  a s s o c i a t e d  d a t a  a n d  m e t a d a t a .  N e c e s s a r y  b i n d i n g  p r o p e r t i e s  a n d  o p ­
e r a t i o n s  a r e  d e f i n e d .
B a s e d  o n  t h e  f o r m a l  f o u n d a t i o n ,  a  n o v e l  d e s i g n  o f  b i n d i n g  s e r v i c e  i s  p r o p o s e d ,  w h i c h  
i m p l e m e n t s  a  d a t a - r e f e r e n c e  m o d e l .  C h a p t e r  5  d e s c r i b e s  t h e  d e s i g n  i n c l u d i n g  t h e  s p e c i ­
f i c a t i o n  o f  t h e  b i n d i n g  d a t a  s t r u c t u r e  a n d  a  s e t  o f  b i n d i n g  o p e r a t i o n s .  T h e  v i a b i l i t y  o f  t h e  
d e s i g n  i s  d e m o n s t r a t e d  b y  a  p r o t o t y p e  i m p l e m e n t a t i o n .
T h e  f u n c t i o n a l i t y  a n d  e f f i c i e n c y  o f  t h e  b i n d i n g  s e r v i c e  i s  e v a l u a t e d  e x p e r i m e n t a l l y  
i n  C h a p t e r  6 .  C h a r a c t e r i s t i c  w o r k l o a d s  a r e  r e p o r t e d  b y  a n a l y s i n g  a  n u m b e r  o f  e x i s t i n g  
s c i e n t i f i c  s y s t e m s .  I n  a d d i t i o n ,  C l o u d  t e c h n o l o g y  i s  e x p l o r e d  t o  p r o v i d e  s c a l a b i l i t y  p r o p ­
e r t i e s  t o  t h e  s y s t e m ,  a n d  t h e  p e r f o r m a n c e  o f  a  H a d o o p - b a s e d  b i n d i n g  s t o r a g e  s y s t e m  i s  
q u a n t i f i e d  b y  e m p i r i c a l  m e a s u r e m e n t s .
6 C h a p t e r  1 .  I n t r o d u c t i o n
C h a p t e r  7  c o n t r i b u t e s  a  s a m p l e  i n s t a l l a t i o n  o f  b i n d i n g  s e r v i c e  i n  a  r e a l - w o r l d  a p p l i ­
c a t i o n ,  a n d  t h e  v a l u e  o f  t h e  b i n d i n g  s e r v i c e  i n  s u p p o r t i n g  t h a t  a p p l i c a t i o n  i s  e v a l u a t e d  
e x p e r i m e n t a l l y .  C h a p t e r  7  a l s o  c o n t r i b u t e s  b i n d i n g  s o l u t i o n s  t o  s e v e n  u s e  s c e n a r i o s  w h i c h  
i l l u s t r a t e  t h a t  b i n d i n g  a p p r o a c h  c a n  b e  w i l d l y  a p p l i e d  t o  s u p p o r t  v a r i o u s  t y p e s  o f  s c i e n t i f i c  
a p p l i c a t i o n .
C h a p t e r  8  e v a l u a t e s  t h e  b i n d i n g  a p p r o a c h  b y  c o m p a r i n g  i t  w i t h  a  r e l a t e d  a p p r o a c h ,  t h e  
L i n k e d  D a t a  m o d e l .  T h e  c h a p t e r  c o n t r i b u t e s  a  d e t a i l e d  c o m p a r i s o n  o f  t h e  t w o  a p p r o a c h e s  
f r o m  f i v e  p e r s p e c t i v e s  i n c l u d i n g ,  d a t a  s t r u c t u r e ,  b i n d i n g  e x p r e s s i o n s ,  s t o r i n g  m e c h a n i s m s ,  
s e a r c h  c a p a b i l i t i e s ,  a n d  c o m m u n i c a t i o n  c a p a b i l i t i e s .
C h a p t e r  9  c o n c l u d e s  t h e  s t u d y  a n d  r e v i e w s  t h e  d i s c o v e r i e s .  I t  a l s o  d i s c u s s e s  t h e  a s ­
p e c t s  f o r  i m p r o v e m e n t s  a n d  d i r e c t i o n s  f o r  f u t u r e  r e s e a r c h .  A l t h o u g h  t h e  s t u d y  h a s  b e e n  
c a r r i e d  o u t  i n  t h e  c o n t e x t  o f  e - S c i e n c e  a p p l i c a t i o n s ,  w e  b e l i e v e  o u r  c o n t r i b u t i o n s  a r e  g e n ­
e r a l l y  a p p l i c a b l e  t o  m a n y  d a t a  m a n a g e m e n t  s y s t e m s  b e y o n d  e - S c i e n c e  a p p l i c a t i o n s .
C h a p t e r  2
U n d e r s t a n d i n g  B i n d i n g
M o d e l l i n g  a n d  m a n a g i n g  r e l a t i o n s h i p s  b e t w e e n  c o m p u t a t i o n a l  o b j e c t s  h a s  l e d  t o  m a n y  
f r u i t f u l  r e s u l t s  i n  C o m p u t e r  S c i e n c e .  W h i l e  t h e  d i s t i n c t i o n  b e t w e e n  d a t a  a n d  m e t a d a t a  
i s  g e n e r a l l y  a c c e p t e d ,  a n d  m a n y  m e t a d a t a  s c h e m e s  a r e  i n  u s e ,  n o  e x p l i c i t  d e f i n i t i o n  o f  
b i n d i n g s  a n d  t h e i r  a r c h i t e c t u r a l  c h a r a c t e r i s t i c s  h a v e  b e e n  r e p o r t e d .  T h i s  c h a p t e r  p r e s e n t s  
o r i g i n a l  i n v e s t i g a t i o n s  o f  b i n d i n g  r e l a t e d  i s s u e s ,  e x a m i n i n g  t h e  q u e s t i o n s  w h a t  i s  b i n d i n g ,  
w h y  i s  i t  i m p o r t a n t ,  a n d  h o w  t o  i d e n t i f y  a  b i n d i n g  i n  u s e ,  s o  a s  t o  e s t a b l i s h  a  w a y  o f  
t h i n k i n g  a b o u t  b i n d i n g s .  T h e  o b s e r v a t i o n s ,  w h i c h  s t a r t  w i t h  s c i e n t i f i c  d a t a  a n d  m e t a d a t a  
p h e n o m e n a ,  a r e  s c o p e d  i n t o  m e t a d a t a - c e n t r i c  a p p l i c a t i o n s ,  a n d  f u r t h e r  n a r r o w e d  d o w n  t o  
a  s p e c i f i c  d o m a i n  a p p l i c a t i o n  a n d  a  t y p i c a l  u s e  c a s e .
T h e  c h a p t e r  i s  o r g a n i s e d  a s  f o l l o w s :  o b s e r v a t i o n s  o n  s c i e n t i f i c  d a t a  a n d  m e t a d a t a  p h e ­
n o m e n a  a r e  p r e s e n t e d  i n  s e c t i o n  2 . 1 .  A  b i n d i n g  c l a s s i f i c a t i o n  f r a m e w o r k  f o r  a n a l y s i n g  
m e t a d a t a - c e n t r i c  s c i e n t i f i c  a p p l i c a t i o n s  i s  d e v e l o p e d  i n  s e c t i o n  2 . 2 .  A  s t u d y  o f  a  s e l e c t e d  
u s e  c a s e  a p p e a r s  i n  s e c t i o n  2 . 3 ,  a n d  s e c t i o n  2 . 4  p r o v i d e s  b i n d i n g  s c e n a r i o s .  F i n a l l y  s e c t i o n
2 . 5  s u m m a r i s e s  t h i s  c h a p t e r .
2 . 1  O b s e r v a t i o n s  o f  S c i e n t i f i c  D a t a  a n d  M e t a d a t a  P h e n o m e n a
2 . 1 . 1  S c i e n t i f i c  D a t a
M a n y  s c i e n t i f i c  a p p l i c a t i o n s  a r e  d a t a  i n t e n s i v e .  T h e  a d v a n c e s  i n  a u t o m a t i o n ,  c o m m u n i ­
c a t i o n ,  s e n s i n g  a n d  c o m p u t a t i o n  e n a b l e  e x p e r i m e n t a l  s c i e n t i f i c  p r o c e s s e s  t o  g e n e r a t e  d a t a  
a n d  d i g i t a l  o b j e c t s  a t  g r e a t  s p e e d s  a n d  v o l u m e s .  T h e  S l o a n  D i g i t a l  S k y  S u r v e y  ( S D S S )  
c a t a l o g u e  o v e r  t h e  f i r s t  5  y e a r s  h a s  c o l l e c t e d  r o u g h l y  2 9 0  m i l l i o n  o b j e c t s  ( 4 T B  i n  s i z e ) ,  
a n d  a f t e r  1 0  y e a r s  c o n t a i n e d  1 2 T B  o f  d a t a  [ A h m a  1 0 ] .  T h e  w o r l d  b i g g e s t  t e l e s c o p e ,  P a n -  
S T A R R S ,  a t  t h e  e n d  o f  t h e  f i r s t  y e a r ,  c o n t a i n e d  7 0  b i l l i o n  d e t e c t i o n s  i n  3 0 T B ,  a n d  a t  t h e  
e n d  o f  t h e  p r o j e c t  w i l l  g r o w  t o  s e v e r a l  p e t a b y t e s  [ S z a l  0 9 ,  H a y  0 9 ] .  T h e  L a s e r  I n t e r f e r ­
o m e t e r  G r a v i t a t i o n a l  W a v e  O b s e r v a t o r y  ( L I G O )  s y s t e m  s t o r e s  m o r e  t h a n  4 0  m i l l i o n  f i l e s
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a c r o s s  t e n  l o c a t i o n s .  T h e  t w o  L I G O  d e t e c t o r s  a t  L i v i n g s t o n  a n d  H a n f o r d  p r o d u c e  d a t a  a t  a  
r a t e  o f  s l i g h t l y  l e s s  t h a n  a  t e r a b y t e  p e r  d a y  d u r i n g  L I G O  e x p e r i m e n t a l  r u n s .  E a c h  d e t e c t o r  
p r o d u c e s  a  f i l e  e v e r y  1 6  s e c o n d s  t h a t  c o n t a i n s  d a t a  f o r  t h o s e  1 6  s e c o n d s  o f  m e a s u r e m e n t s .  
T h e s e  f i l e s  r a n g e  i n  s i z e  f r o m  1 t o  1 0 0  M B  [ C h e r  0 5 ] .  M o r e  e x a m p l e s :  t h e  A u s t r a l i a n  
S K A .  P a t h f i n d e r  ( A S K A P ) ,  a  1 %  S q u a r e  K i l o m e t r e  A r r a y  p a t h f i n d e r  r a d i o  t e l e s c o p e ,  g e n ­
e r a t e s  - 1 0 T B  d a t a  p e r  h o u r  [ G u z m  1 0 ] .  L O F A R ,  t h e  l o w  f r e q u e n c y  a r r a y ,  i s  b u i l d i n g  a  
h u g e  r a d i o  i n t e r f e r o m e t e r .  T h e  d a t a  s t o r e d  i n  L O F A R  w i l l  r i s e  f r o m  8 0 0 T B  d a t a  i n  2 0 1 0  
t o  1 . 5 P B  i n  2 0 1 1 ,  a n d  t h e  t o t a l  d a t a  v o l u m e  w i l l  r i s e  u p  t o  2 0 P B  i n  t h e  n e x t  5  y e a r s  o f  
o b s e r v a t i o n s  [ B e g e  1 1 ] .
A n o t h e r  r e m a r k a b l e  c h a r a c t e r i s t i c  a b o u t  s c i e n t i f i c  d a t a  i s  t h a t  t h e y  a r e  h e t e r o g e n e o u s  
o b j e c t s  w i t h o u t  u n i t y  o f  r e p r e s e n t a t i o n .  D i f f e r e n t  c o m m u n i t y  g r o u p s  p r o d u c e  a  r a n g e  
o f  d i v e r s e  d a t a  t y p e  s u c h  a s  p r o t e o m e s ,  g e n e  e x p r e s s i o n ,  p r o t e i n  s t r u c t u r e s ,  a n d  p a t h ­
w a y s .  T h e  d a t a  c o v e r s  d i f f e r e n t  s c a l e s  a n d  d i f f e r e n t  e x p e r i m e n t a l  p r o c e d u r e s .  T h e  v a r i ­
o u s  d a t a b a s e s  a n d  t o o l s  h a v e  d i f f e r e n t  f o r m a t s ,  a c c e s s  i n t e r f a c e s ,  s c h e m a s ,  a n d  c o v e r a g e .  
T h e y  t y p i c a l l y  h a v e  d i f f e r e n t ,  o f t e n  h o m e  g r o w n ,  v e r s i o n i n g ,  r e p l i c a t i o n ,  a u t h o r i s a t i o n ,  
a n d  p r o v e n a n c e  p o l i c i e s .
T h e s e  t w o  c h a r a c t e r i s t i c s  o f  s c i e n t i f i c  d a t a  p r e s e n t  s i g n i f i c a n t  c h a l l e n g e s  f o r  m a n a g ­
i n g ,  r e u s i n g ,  a n d  s h a r i n g  t h e  d i g i t a l  d a t a  c o l l e c t i o n s .  T o  e x p l o i t  t h e  g r o w i n g  w e a l t h  o f  
s c i e n t i f i c  d a t a ,  t h e r e  h a s  b e e n  a  c o m m e n s u r a t e  g r o w t h  i n  t h e  c r e a t i o n  a n d  u s e  o f  m e t a d a t a .  
M e t a d a t a  a l l o w s  d a t a  t o  b e  p u b l i s h e d  w i t h  t h e i r  a s s o c i a t e d  i n f o r m a t i o n ,  s o  a s  t o  a i d  t h e i r  
f u t u r e  d i s c o v e r y  a n d  r e u s e .  W i t h o u t  d e s c r i p t i o n s ,  t h e  c o n t e n t  a n d  c o n t e x t  o f  t h e  s c i e n t i f i c  
d a t a s e t s  c a n n o t  e a s i l y  b e  u n d e r s t o o d  b y  a n o t h e r  u s e r  o r  c o m p u t e r  s y s t e m .
2 . 1 . 2  S c i e n t i f i c  M e t a d a t a
M e t a d a t a ,  t h e  s o - c a l l e d  d a t a  a b o u t  d a t a ,  i s  u s e d  i n  s c i e n t i f i c  a p p l i c a t i o n s  t o  d e s c r i b e ,  e x ­
p l a i n ,  l o c a t e ,  o r  m a k e  i t  e a s i e r  t o  r e t r i e v e ,  u s e ,  o r  m a n a g e  a n  i n f o r m a t i o n  r e s o u r c e .  T h e  
t e r m  ‘ m e t a ’  c o m e s  f r o m  a  G r e e k  w o r d  t h a t  d e n o t e s  ‘ a l o n g s i d e ,  w i t h ,  a f t e r ,  n e x t ’ . I n  p h i l o s ­
o p h y ,  ‘ m e t a ’  i s  u s e d  a s  a  p r e f i x  t o  d e n o t e  a n  a l t e r n a t e  o r  s e c o n d - o r d e r  k i n d  o f  r e l a t i o n s h i p  
b e t w e e n  t w o  s i m i l a r  t y p e s  o f  e n t i t i e s  a n d  t h e  u n d e r l y i n g  n o t i o n  o f  t h e  e s s e n t i a l  a t t r i b u t e s  
t h a t  m a k e  u p  a  m e t a d a t a  d e s c r i p t i o n  [ G i l l  0 8 ] .  S i n c e  t h e  1 9 6 0 s ,  b i b l i o g r a p h i c  m e t a d a t a ,  
s u c h  a s  l i b r a r y  m e t a d a t a  s t a n d a r d ,  M A R C  ( M a c h i n e - R e a d a b l e  C a t a l o g i n g  f o r m a t ) ,  L C S H  
( L i b r a r y  o f  C o n g r e s s  S u b j e c t  H e a d i n g s ) ,  a n d  A A T  ( A r t  &  A r c h i t e c t u r e  T h e s a u r u s ) ,  h a v e  
b e e n  c o - o p e r a t i v e l y  c r e a t e d  a n d  m a d e  a v a i l a b l e  t o  r e p o s i t o r i e s  a n d  u s e r s  t h r o u g h  a u t o ­
m a t e d  s y s t e m s  [ G i l l  0 8 ] .  U n t i l  t h e  m i d - 1 9 9 0 s ,  m e t a d a t a  w a s  a  t e r m  m o s t  u s e d  b y  g e o s p a -  
t i a l  c o m m u n i t i e s ,  a n d  d a t a  m a n a g e m e n t  a n d  s y s t e m  d e s i g n  a n d  m a i n t e n a n c e  i n  g e n e r a l .  
O v e r  r e c e n t  y e a r s ,  t h e  c o n c e p t  o f  m e t a d a t a  h a s  b e e n  p o p u l a r  o n  t h e  W o r l d  W i d e  W e b ,  
e s p e c i a l l y  i n  t h e  S e m a n t i c  W e b ,  t o  a i d  o n l i n e  d o c u m e n t  a n d  r e s o u r c e  d i s c o v e r y .
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Hyper-Text Markup Language1 
extensible Markup Language2 
Resource Description Framework3 
Web Ontology Language4 
Standard Generalised Markup Language5 
Machine Readable Cataloging6 
Multipurpose Internet Mail Extensions7 
Direct Internet Message Encapsulation8 
network Common Data Form9
The World Wide Web Consortium (W3C)
The World Wide Web Consortium (W3C)
The World Wide Web Consortium (W3C)
The World Wide Web Consortium (W3C)
The World Wide Web Consortium (W3C)
Library of Congress
Internet Engineering Task Force (IETF)
Internet Engineering Task Force (IETF)
Unidata, the University Corporation for Atmospheric Research
T h e r e  h a v e  b e e n  n u m e r o u s  a t t e m p t s  t o  c l a s s i f y  t h e  v a r i o u s  t y p e s  o f  m e t a d a t a .  A s  
o n e  e x a m p l e ,  N I S O  ( N a t i o n a l  I n f o r m a t i o n  S t a n d a r d s  O r g a n i s a t i o n )  d i s t i n g u i s h e s  b e t w e e n  
t h r e e  t y p e s  o f  m e t a d a t a  b a s e d  o n  t h e i r  f u n c t i o n a l i t y :  D e s c r ip t iv e  m e ta d a ta ,  w h i c h  d e ­
s c r i b e s  a  r e s o u r c e  f o r  p u r p o s e s  s u c h  a s  d i s c o v e r y  a n d  i d e n t i f i c a t i o n ;  S t r u c t u r a l  m e ta d a ta ,  
w h i c h  i n d i c a t e s  h o w  c o m p o u n d  o b j e c t s  a r e  p u t  t o g e t h e r ;  a n d  A d m in is t r a t iv e  m e ta d a ta ,  
w h i c h  p r o v i d e s  i n f o r m a t i o n  t o  h e l p  m a n a g e  a  r e s o u r c e  [ N I S O  0 4 ] .  B u t  t h i s  i s  n o t  r e s t r i c ­
t i v e .  D i f f e r e n t  a p p l i c a t i o n s  m a y  h a v e  d i f f e r e n t  w a y s  t o  c l a s s i f y  t h e i r  o w n  m e t a d a t a .
M e t a d a t a  i s  g e n e r a l l y  e n c o d e d  i n  a  m e ta d a ta  s c h e m a  w h i c h  d e f i n e s  a  s e t  o f  m e t a d a t a  
e l e m e n t s  a n d  t h e  r u l e s  g o v e r n i n g  t h e  u s e  o f  m e t a d a t a  e l e m e n t s  t o  d e s c r i b e  a  r e s o u r c e .  T h e  
c h a r a c t e r i s t i c s  o f  m e t a d a t a  s c h e m a  n o r m a l l y  i n c l u d e :  t h e  n u m b e r  o f  e l e m e n t s ,  t h e  n a m e  
o f  e a c h  e l e m e n t ,  a n d  t h e  m e a n i n g  o f  e a c h  e l e m e n t .  T h e  d e f i n i t i o n  o r  m e a n i n g  o f  t h e  e l e ­
m e n t s  i s  t h e  s e m a n tic s  o f  t h e  s c h e m a ,  t y p i c a l l y  t h e  d e s c r i p t i o n s  o f  t h e  l o c a t i o n ,  p h y s i c a l  
a t t r i b u t e s ,  t y p e  ( i . e . ,  t e x t  o r  i m a g e ,  m a p  o r  m o d e l ) ,  a n d  f o r m  ( i . e . ,  p r i n t  c o p y ,  e l e c t r o n i c  
f i l e ) .  T h e  v a l u e  o f  e a c h  m e t a d a t a  e l e m e n t  i s  t h e  c o n te n t.  S o m e t i m e s  t h e r e  a r e  c o n te n t  
r u le s  a n d  s y n t a x  r u le s .  T h e  c o n t e n t  r u le s  s p e c i f y  h o w  c o n t e n t  s h o u l d  b e  f o r m u l a t e d ,  r e p ­
r e s e n t a t i o n  c o n s t r a i n t s  f o r  c o n t e n t ,  a l l o w a b l e  c o n t e n t  v a l u e s  a n d  s o  o n .  A n d  t h e  s y n t a x  
r u le s  s p e c i f y  h o w  t h e  e l e m e n t s  a n d  t h e i r  c o n t e n t  s h o u l d  b e  e n c o d e d .  S o m e  p o p u l a r  s y n t a x  
u s e d  i n  s c i e n t i f i c  a p p l i c a t i o n s  a r e  l i s t e d  i n  T a b l e  2 . 1 .  S u c h  s y n t a x  e n c o d i n g  a l l o w s  t h e  
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Table 2.2: Scientific Metadata Standards Examples
Standard Full Name Organisation
Dublin Core Dublin Core Metadata Initiative 10 Dublin Core Metadata Initiative
ISO 19115 ISO 19115:2003-Geographic Information-Metadata 11 ISO/TC 211
CSDGM The Content Standard for Digital Geospatial Metadata12 Federal Geographic Data Committee (FGDC)
DDI Data Documentation Initiative Metadata Specification13 Documentation Initiative
INSPIRE Infrastructure for Spatial Information in Europe14 European Commission (EC)
SEED Standard for the Exchange of Earthquake Data15 U.S. Geological Survey, IRIS
VOEvent Sky Event Reporting Metadata16 International Virtual observatory Alliance (IVOA)
OAIS Reference Model for an Open Archival The Consultative Committee for Space
Information System17 Data System (CCSDS)
EML Ecological Metadata Language18 National Center for Ecological Analysis and 
Synthesis (NCEAS)
M a n y  s t a n d a r d s  f o r  r e p r e s e n t i n g  s c i e n t i f i c  m e t a d a t a  h a v e  b e e n  d e v e l o p e d  w i t h i n  d i s ­
c i p l i n e s ,  s u b - d i s c i p l i n e s  o r  i n d i v i d u a l  p r o j e c t  o r  e x p e r i m e n t s .  S o m e  w i d e l y  u s e d  s c i e n t i f i c  
m e t a d a t a  s t a n d a r d s  a r e  l i s t e d  i n  T a b l e  2 . 2 .
T w o  a s p e c t s  o f  m e t a d a t a  g i v e  r i s e  t o  t h e  c o m p l e x i t y  i n  m a n a g e m e n t :
M e t a d a t a  a r e  d a t a ,  a n d  d a t a  b e c o m e  m e t a d a t a  w h e n  t h e y  a r e  u s e d  t o  d e s c r i b e  o t h e r  
d a t a .  T h e  t r a n s i t i o n  h a p p e n s  u n d e r  p a r t i c u l a r  c i r c u m s t a n c e s ,  f o r  p a r t i c u l a r  p u r p o s e s ,  a n d  
w i t h  c e r t a i n  p e r s p e c t i v e s ,  a s  n o  d a t a  a r e  a l w a y s  m e t a d a t a .  T h e  s e t  o f  c i r c u m s t a n c e s ,  p u r ­
p o s e s ,  o r  p e r s p e c t i v e s  f o r  w h i c h  s o m e  d a t a  a r e  u s e d  a s  m e t a d a t a  i s  c a l l e d  t h e  ‘ c o n t e x t ’ . S o  
m e t a d a t a  a r e  d a t a  a b o u t  d a t a  i n  s o m e  ‘ c o n t e x t ’  [ S t a n  0 4 ] .
M e t a d a t a  c a n  b e  l a y e r e d .  T h i s  h a p p e n s  a s  d a t a  o b j e c t s  o r  i n f o r m a t i o n  r e s o u r c e s  m a y  
m o v e  t o  d i f f e r e n t  p h a s e s  d u r i n g  t h e i r  l i f e  i n  a  d i g i t a l  e n v i r o n m e n t ,  t h u s  r e q u i r i n g  l a y e r s  o f  
m e t a d a t a  t h a t  c a n  b e  a s s o c i a t e d .
I n  b o t h  c a s e s ,  t h e  r e l a t i o n s h i p s  b e t w e e n  m e t a d a t a  a n d  i n f o r m a t i o n  o b j e c t s ,  a n d  b e ­
t w e e n  d i f f e r e n t  a s p e c t s  o f  m e t a d a t a ,  s h o u l d  b e  r e l i a b l y  m a n a g e d .
2 . 1 . 3  B i n d i n g  o f  S c i e n t i f i c  D a t a  a n d  M e t a d a t a
W h e n  ( a  s e t  o f )  m e t a d a t a  i s  a s s o c i a t e d  w i t h  i t s  d a t a  o b j e c t  ( o r  r e s o u r c e ) ,  a  r e l a t i o n  b e t w e e n  
t h e m  i s  g e n e r a t e d .  W e  u s e  t e r m  ‘ b i n d i n g ’  t o  d e n o t e  e a c h  d a t a  t o  m e t a d a t a  a s s o c i a t i o n .  ( W e  
u s e  t e r m  ‘ b i n d i n g ’  r a t h e r  t h a t  o t h e r  t e r m s  s u c h  a s ,  ‘ l i n k ’  o r  ‘ a s s o c i a t i o n ’ , t o  d i s t i n c t  f r o m
10Dublin Core: http://purl.oclc.org/metadata/dublin.core/
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Figure 2.1: Binding Classification Framework
e x i s t i n g  c o n c e p t s .  F o r  e x a m p l e ,  ‘ l i n k ’  i s  u s e d  b y  t h e  L i n k e d  D a t a  a s  a  t e r m  t o  d e s c r i b e  t h e  
s p e c i f i c  a p p r o a c h  w h i c h  e x p o s e s ,  s h a r e s  a n d  c o n n e c t s  d a t a  ( i n f o r m a t i o n  o r  k n o w l e d g e )  
o n  t h e  S e m a n t i c  W e b .  T h e  t e r m  ‘ a s s o c i a t i o n ’  h a s  b e e n  u s e d  i n  v a r i o u s  s i t u a t i o n s ,  w h i c h  
m a y  e a s i l y  m i s l e a d  r e a d e r s  t o  t h i n k  a b o u t  a  d i f f e r e n t  c o n t e x t s .  I n  a  l a t e r  c h a p t e r ,  a  f o r m a l  
d e f i n i t i o n  o f  b i n d i n g  w i l l  b e  p r o v i d e d . )
I t  i s  e v i d e n t  t h a t  b i n d i n g  i s  a  m e a n i n g f u l  n o t i o n  c o n s i s t i n g  o f  c h a r a c t e r i s t i c  f e a t u r e s .  
H o w e v e r ,  i n  p r a c t i c e ,  t h e  c o n c e p t  o f  b i n d i n g  i s  n o t  w e l l  e s t a b l i s h e d ,  a n d  b i n d i n g s  e x i s t  
i n  v a r i o u s  f o r m s .  I t  i s  n e c e s s a r y  t o  c l a r i f y  i s s u e s  u n r e s o l v e d  i n  t h e  l i t e r a t u r e  a n d  d e v e l o p  
a n  u n d e r s t a n d i n g  a s  t o  w h a t  a  b i n d i n g  i s ,  a n d  w h y  i t  i s  i m p o r t a n t .  A n  i n v e s t i g a t i o n  o f  
b i n d i n g s  i n  r e a l  w o r l d  s c i e n t i f i c  a p p l i c a t i o n s  i s  p r e s e n t e d  b e l o w .
2 . 2  O b s e r v a t i o n s  o f  B i n d i n g s  i n  S c i e n t i f i c  A p p l i c a t i o n s
I n  o r d e r  t o  e s t a b l i s h  a  w a y  o f  t h i n k i n g  a b o u t  b i n d i n g s ,  a  c l a s s i f i c a t i o n  f r a m e w o r k  i s  d e ­
v e l o p e d  i n  a n  a t t e m p t  t o  c r e a t e  a  g e n e r a l i s e d  t a x o n o m y  w h i c h  i s  u s e f u l  f o r  i d e n t i f y i n g  
c h a r a c t e r i s t i c s  o f  b i n d i n g s  i n  u s e ,  a n d  w i t h  t h e  v i e w  o f  i n f o r m i n g  f u t u r e  r e s e a r c h .  T h e  
c l a s s i f i c a t i o n  f r a m e w o r k  i s  b u i l t  o n  a n  o b s e r v a t i o n  a n d  a n a l y s i s  o f  f i v e  c l a s s e s  o f  m e t a d a t a -  
c e n t r i c  s c i e n t i f i c  a p p l i c a t i o n s ,  i n c l u d i n g :  ( i )  s c i e n t i f i c  a n n o t a t i o n  m a n a g e m e n t ,  ( i i )  l o n g ­
t e r m  a r c h i v e  a n d  c u r a t i o n ,  ( i i i )  i n f o r m a t i o n  i n t e g r a t i o n ,  ( i v )  w o r k f l o w  a n d  s e r v i c e  d i s c o v ­
e r y ,  a n d  ( v )  p r o v e n a n c e  m a n a g e m e n t .  A s  s h o w n  i n  F i g u r e  2 . 1 ,  t h e  f r a m e w o r k  p r o v i d e s  a  
f e a t u r e  s e t  c o n s i s t i n g  o f  f i v e  p e r s p e c t i v e s .
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B i n d i n g  R e p r e s e n t a t i o n .  A p p r o a c h e s  f o r  r e p r e s e n t i n g  b i n d i n g s  c a n  b e  c o n c e p t u a l l y  c l a s ­
s i f i e d  i n t o  f o u r  f o r m s  o f  a s s o c i a t i o n :  ( i )  t h e  c o n t e n t s  o f  d a t a  a n d  t h e  c o n t e n t  o f  t h e  m e t a ­
d a t a  [ K a v a  0 1 ,  T u f f  0 6 ] ;  ( i i )  t h e  r e f e r e n c e  t o  d a t a  a n d  t h e  c o n t e n t s  o f  m e t a d a t a  [ M y e r  0 3 ,  
R a j a  0 2 b ,  C h e r  0 5 ] ;  ( i i i )  t h e  c o n t e n t  o f  d a t a  a n d  t h e  r e f e r e n c e  t o  t h e  m e t a d a t a ,  a n d  ( i v )  t h e  
r e f e r e n c e  t o  d a t a  a n d  t h e  r e f e r e n c e  t o  m e t a d a t a  [ G o b i  0 6 ] ,
B i n d i n g  C o l l e c t i o n .  A n a l y s i n g  c h a r a c t e r i s t i c s  o f  b i n d i n g  c o l l e c t i o n s  i s  i m p o r t a n t  f o r  
s p e c i f y i n g  r e q u i r e m e n t s  f o r  b i n d i n g s  m a n a g e m e n t .  F o u r  c h a r a c t e r i s t i c s  a r e  c o n s i d e r e d :
1 )  G r a n u l a r i t y .  T h e  u s e f u l n e s s  o f  b i n d i n g s  i n  a  c e r t a i n  d o m a i n  i s  l i n k e d  t o  t h e  g r a n u ­
l a r i t y  a t  w h i c h  i t  i s  a s s o c i a t e d .  T h e  r e q u i r e m e n t s  r a n g e  f r o m  a s s o c i a t i o n s  o f  t u p l e s  
i n  a  d a t a b a s e  [ Y a n g  1 0 ,  Y a m a  1 0 ]  t o  a s s o c i a t i o n s  o f  d a t a  s e t s  [ C o r n  0 4 ] ,
2 )  S c a le .  S c a l e s  o f  b i n d i n g s  t o  b e  m a n a g e d  r e l a t e  t o  t h e  s p e e d s  a n d  v o l u m e s  o f  b i n d i n g  
g e n e r a t i o n .  B i n d i n g s ,  w h e n  s p e c i f i e d  a t  f i n e r  g r a n u l a r i t i e s ,  s u c h  a s  i n  p r o v e n a n c e  
a p p l i c a t i o n s  [ G e h a  1 0 ,  F o s t  0 2 ] ,  c a n  g r o w  e x p o n e n t i a l l y  i n  t h e  n u m b e r  o f  r e c o r d e d  
s t e p s .  O n  t h e  o t h e r  h a n d ,  b i n d i n g s ,  w h e n  i n  t h e  f o r m  o f  c o n t e n t  a n d  c o n t e n t  a s s o c i ­
a t i o n s ,  c a n  b e  l a r g e  i n  s i z e  [ W e i l  0 6 ] .
3 )  D i v e r s i t y .  T h i s  i s  t o  l o o k  a t  c o n t e n t  d i f f e r e n c e s  a n d  s t r u c t u r a l  v a r i a t i o n s  o f  b i n d ­
i n g s  d a t a  a n d  m e t a d a t a ,  w h i c h  a r e  h e t e r o g e n e o u s  o r  h o m o g e n o u s .  I n f o r m a t i o n  
c o n t e n t s  c a n  b e  u n i - d i s c i p l i n a r y  o r  m u l t i - d i s c i p l i n a r y ,  b i n d i n g  d a t a  a n d  m e t a d a t a  
c a n  b e  s t a n d a r d i s e d  o r  n o n - s t a n d a r d i s e d .  I n  t e r m s  o f  d i v e r s i t y ,  a  b i n d i n g  c o l l e c ­
t i o n  c a n  c o n t a i n  ( i )  u n i - d i s c i p l i n a r y  a n d  s t a n d a r d i s e d  d a t a  a n d  m e t a d a t a  a s s o c i a t i o n s  
[ Y a n g  1 0 ,  Y a m a  1 0 ] ;  ( i i )  u n i - d i s c i p l i n a r y  a n d  n o n - s t a n d a r d i s e d  d a t a  a n d  m e t a d a t a  
a s s o c i a t i o n s  [ G e h a  1 0 ] ;  ( i i i )  m u l t i - d i s c i p l i n a r y  a n d  s t a n d a r d i s e d  d a t a  a n d  m e t a d a t a  
a s s o c i a t i o n s  [ P r l i  0 7 ] ;  a n d  ( i v )  m u l t i - d i s c i p l i n a r y  a n d  n o n - s t a n d a r d i s e d  d a t a  a n d  
m e t a d a t a  a s s o c i a t i o n s  [ S a y e  1 0 ] ,
4 )  F o r m s  o f  s to r a g e .  D i f f e r e n t  a p p l i c a t i o n s  u s e  d i f f e r e n t  s t o r a g e  s y s t e m s  t o  s t o r e  b i n d ­
i n g s .  S o m e  s y s t e m s  s t o r e  b i n d i n g  a s  d a t a b a s e  e n t r i e s  [ Y a n g  1 0 ,  Y a m a  1 0 ,  P r l i  0 7 ] ,  
s o m e  s t o r e  b i n d i n g s  i n  f i l e s  [ W e i l  0 6 ,  R a j a  0 2 b ] ,  a n d  s o m e  o t h e r s  u s e  h y b r i d  m e t h ­
o d s  [ S a y e  1 0 ] ,
B i n d i n g  M a n a g e m e n t .  M a n y  e x i s t i n g  s y s t e m s  m a n a g e  b i n d i n g s  t h r o u g h  a  d e p e n d e n t  
m o d e l  w h e r e  t h e  d i s t r i b u t e d  m e t a d a t a  ( a n d  d a t a )  h a v e  b e e n  c o p i e d  a n d  h o u s e d  t o g e t h e r  i n  
a  c e n t r a l i s e d  r e p o s i t o r y .  F o r  e x a m p l e ,  t h e  E u r E x p r e s s  s y s t e m s  p o o l s  t h e  g e n e  e x p r e s s i o n  
i m a g e s  a n d  t h e i r  a n n o t a t i o n s  f r o m  o t h e r  b i o l o g y  l a b o r a t o r i e s ,  a n d  t h e  A v i a n  K n o w l e d g e  
N e t w o r k  ( A K N )  u s e s  a  d a t a  w a r e h o u s e  t o  c o l l e c t  a n d  s t o r e  a l l  6 0  d i s t r i b u t e d  b i r d  o c c u r ­
r e n c e  d a t a  s e t s  a n d  t h e i r  m e t a d a t a ,  w h i c h  h a s  t a k e n  c o n s i d e r a b l e  e f f o r t  [ K e l l  0 9 ] .  H o w ­
e v e r ,  t h e  d a t a - m e t a d a t a  w a r e h o u s i n g  a p p r o a c h  i s  q u i c k l y  b e c o m i n g  i n f e a s i b l e ,  a s  m o r e  
d a t a  a n d  m e t a d a t a  s e t s  a r e  b e c o m i n g  t o o  l a r g e ,  t o o  d y n a m i c  o r  j u s t  t o o  u n w i e l d y  t o  b e
2 . 2 .  O b s e r v a t i o n s  o f  B i n d i n g s  i n  S c i e n t i f i c  A p p l i c a t i o n s  13
Table 2.3: Characteristics of Bindings in Scientific Applications









































































































c o p i e d  p r o d u c t i v e l y .  I n  s o m e  c a s e s  t h e  o w n e r s  o f  t h e  d a t a  o r  m e t a d a t a  m a y  n o t  p e r m i t  
c o p i e s .
A n  a l t e r n a t i v e  a p p r o a c h  t o  b i n d i n g  m a n a g e m e n t  i s  a n  in d e p e n d e n t  m o d e l  w h e r e  d a t a  
a n d  m e t a d a t a  a r e  m a n a g e d  t h r o u g h  r e f e r e n c e s .  W h i l e  a n  in d e p e n d e n t  b i n d i n g  m o d e l  h a s  
t h e  p o t e n t i a l  d i s a d v a n t a g e  t h a t  t o  r e t r i e v e  d a t a  a n d  m e t a d a t a  m a y  i n v o l v e  m u l t i p l e  r e q u e s t s  
a n d  h e n c e  b e  t i m e  c o n s u m i n g ,  i t  h a s  t h e  a d v a n t a g e  t h a t  a l l  d a t a  a n d  m e t a d a t a  n o  l o n g e r  
n e e d  t o  b e  c o p i e d  t o  a  c e n t r a l  s e r v e r  a n d  w i l l  b e  u p - t o - d a t e  w i t h  t h e  o r i g i n a l  d a t a  s o u r c e s .  
I t  a l s o  h a s  t h e  a d v a n t a g e  t h a t  i t  d o e s  n o t  r e q u i r e  c o - o p e r a t i o n  f r o m  d a t a  a n d  m e t a d a t a  
o w n e r s ,  e x c e p t  f o r  s t a b i l i t y  o f  r e f e r e n c e s .  I n  a d d i t i o n ,  i t  c a n  l i s t  d a t a  a n d  m e t a d a t a  h e l d  i n  
m u l t i p l e  s o u r c e s .
O w n e r s h i p .  C o n c e r n i n g  t h e  o w n e r s h i p  o f  b i n d i n g  d a t a  a n d  m e t a d a t a ,  w e  d i s t i n g u i s h  
t w o  s i t u a t i o n s :  1 )  b o t h  b i n d i n g  d a t a  a n d  m e t a d a t a  u n d e r  t h e  s a m e  o w n e r s h i p ;  a n d  2 )  
t h e  b i n d i n g  d a t a  a n d  m e t a d a t a  u n d e r  d i f f e r e n t  o w n e r s h i p ,  f o r  e x a m p l e ,  m a n y  s c i e n t i f i c  
s y s t e m s  a r e  b u i l t  o n  c o l l a b o r a t i o n s  a c r o s s  d i f f e r e n t  o r g a n i s a t i o n s ,  w h e r e  t h e  b i n d i n g  d a t a  
a n d  m e t a d a t a  b e l o n g  t o  s i n g l e  o r  m u l t i p l e  o w n e r s ,  r e s p e c t i v e l y .
F u n c t i o n s .  B i n d i n g s  c a n  b e  u s e d  i n  v a r i o u s  w a y s ,  f o r  e x a m p l e ,  t o  l o c a t e  t h e  d a t a  a n d  
m e t a d a t a ;  t o  m a i n t a i n  t h e  c o n s i s t e n c y  b e t w e e n  d a t a  a n d  m e t a d a t a ;  t o  l i n k  d a t a  w i t h  m u l -
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t i p l e  m e t a d a t a  s o u r c e s ;  t o  r e c o r d  p r o v e n a n c e  a n d  s t a t i s t i c  i n f o r m a t i o n  r e l a t e d  t o  d a t a  a n d  
m e t a d a t a ;  t o  l i n k  d i f f e r e n t  v e r s i o n  o f  d a t a  a n d  m e t a d a t a ;  a n d  t o  s u p p o r t  m e t a d a t a - d r i v e n  
w o r k f l o w .
T a b l e  2 . 3  g i v e s  a  s u m m a r y  o f  t h e  a n a l y s i s  o f  b i n d i n g s  i n  v a r i o u s  s c i e n t i f i c  m e t a d a t a -  
c e n t r i c  a p p l i c a t i o n s .  I n  t h e  f o l l o w i n g ,  b i n d i n g  c h a r a c t e r i s t i c s  i n  e a c h  d o m a i n  a p p l i c a t i o n s ,  
a s  d e f i n e d  b y  t h e  c l a s s i f i c a t i o n  f r a m e w o r k ,  a r e  d i s c u s s e d  i n  t u r n .
2 . 2 . 1  S c i e n t i f i c  A n n o t a t i o n
I n  e v e r y  a r e a  o f  s c i e n c e ,  i n v e s t i g a t i o n s  n o w  d e p e n d  n o t  o n l y  o n  n e w  e x p e r i m e n t s ,  b u t  
a l s o  ( a n d  p e r h a p s  m o r e  f r e q u e n t l y )  o n  d a t a b a s e s  i n  w h i c h  e x p e r i m e n t a l  e v i d e n c e  h a s  b e e n  
a c c u m u l a t e d .  T h i s  e v i d e n c e  i s  s e l d o m  r a w  e x p e r i m e n t a l  d a t a ;  i t  i s  t y p i c a l l y  s o m e  f o r m  
o f  i n t e r p r e t a t i o n  o f  t h e  d a t a ,  a n d  a n n o t a t i o n s  a r e  i n c r e a s i n g l y  i m p o r t a n t  p a r t s  o f  t h o s e  
i n t e r p r e t a t i o n s  [ B o s e  0 6 a ] .  A n n o t a t i o n  m e t a d a t a  a r e  c o m m e n t s ,  n o t e s ,  e x p l a n a t i o n s ,  o r  
o t h e r  t y p e s  o f  e x t e r n a l  r e m a r k s  t h a t  c a n  b e  a t t a c h e d  t o  a n  e x i s t i n g  b a s e  o r  t a r g e t  t h a t  
p o s s e s s e s  s t r u c t u r e  [ B o s e  0 6 b ] .
I n  b i o l o g y ,  g e n e  a n n o t a t i o n  d a t a b a s e s  a r e  w i d e l y  u s e d  a s  p u b l i c  r e p o s i t o r i e s  o f  b i ­
o l o g i c a l  k n o w l e d g e .  F o r  e x a m p l e ,  d e e p B a s e  c o n t a i n s  a n n o t a t i o n s  o f  - 3 8 0 , 0 0 0  u n i q u e  
n c R N A - a s s o c i a t e d  s m a l l  R N A s ,  - 1 . 5  m i l l i o n  u n i q u e  p r o m o t e r - a s s o c i a t e d  s m a l l  R N A s ,  
- 4 . 0  m i l l i o n  u n i q u e  e x o n - a s s o c i a t e d  s m a l l  R N A s  a n d  - 6  m i l l i o n  u n i q u e  r e p e a t - a s s o c i a t e d  
s m a l l  R N A s  [ Y a n g  1 0 ] .  D B T S S  ( D a t a b a s e  o f  T r a n s c r i p t i o n  S t a r t  S i t e s )  i n c l u d e s  - 3 3 0  
m i l l i o n  a n n o t a t i o n s  f o r  t r a n s c r i p t i o n  s t a r t  s i t e s  ( T S S s )  [ Y a m a  1 0 ] .  M a n y  b i o i n f o r m a t i c s  
s y s t e m s ,  s u c h  a s  P R O S I T E  [ S i g r  1 0 ] ,  S E M A P  [ R a t t  1 0 ] ,  a n d  G e n e 3 D  [ L e e s  1 0 ] ,  e m p l o y  
D A S  ( D i s t r i b u t e d  A n n o t a t i o n  S y s t e m ) 1 9 , a  l i g h t w e i g h t  d e c e n t r a l i s e d  s y s t e m ,  t o  e x c h a n g e  
a n d  a g g r e g a t e  a n n o t a t i o n s  f r o m  a  n u m b e r  o f  h e t e r o g e n e o u s  d a t a b a s e  [ P r l i  0 7 ] .
I n  t h e s e  b i o i n f o r m a t i c s  s y s t e m s ,  a n n o t a t i o n s  a r e  s t a t e m e n t s  a b o u t  t h e  s t r u c t u r e s  a n d  
f u n c t i o n s  o f  g e n e s ,  a n d  b i n d i n g s  a r e  t h e  m a p p i n g s  o f  a n n o t a t i o n s  t o  t h e  g e n o m e  r e g i o n s  
o r  g e n e  I D s .  T h e  m a p p i n g s  a r e  o f t e n  g e n e r a t e d  b y  s i m i l a r i t y  s e a r c h  a l g o r i t h m s ,  s u c h  a s  
B L A S T  [ M o u n  0 4 ]  a n d  B o w t i e  [ L a n g  0 9 ] ,  w h i c h  a l i g n  t h e  s e q u e n c e  r e a d s  t o  t h e  c h r o m o ­
s o m e s .  T h e  c o m p u t a t i o n a l  r e p r e s e n t a t i o n  o f  t h e  b i n d i n g  t a k e s  t h e  f o r m  o f  t h e  a s s o c i a t i o n  
o f  t h e  a n n o t a t i o n  i d e n t i f i e r  a n d  t h e  s e q u e n c e  r e f e r e n c e .  T h e  s e q u e n c e  r e f e r e n c e  c a n  u s e  
a n y  c o o r d i n a t e  s y s t e m s ,  e . g . ,  d e e p B a s e  a n d  D B T S S  u s e  t h e  s t a r t -  a n d  s t o p -  p o i n t  o f  t h e  
D N A  o n  t h e  c h r o m o s o m e ,  a n d  D A S  u s e s  t h e  e n t r y  p o i n t  a n d  t h e  l e n g t h  o f  D N A  o n  t h e  
c h r o m o s o m e .
G e n o m e  a n n o t a t i o n  i s  m e a n t  t o  c o n s i s t e n t l y  c a p t u r e  t h e  s c i e n t i f i c  c o m m u n i t y ’ s  p r o g r e s s  
i n  u n d e r s t a n d i n g  t h e  w a y  g e n e s  f u n c t i o n  a n d  r e p r e s e n t  t h e  m o s t  r e c e n t  k n o w l e d g e  a b o u t
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t h e  g e n e s  o f  v a r i o u s  o r g a n i s m s .  T o  b e  u s e f u l ,  i t  n e e d s  t o  i n t e g r a t e  d i v e r s e  r e s o u r c e s  t o  
e n s u r e  a  w i d e  e n o u g h  c o l l e c t i o n .  F o r  e x a m p l e ,  d e e p B a s e  i n c l u d e s  t h e  — 1 1 . 8  m i l l i o n  a n n o ­
t a t i o n s  f r o m  1 8 5  s m a l l - R N A  L i b r a r i e s ,  a n d  t h e  D B T S S  i n t e g r a t e s  t h e  - 3 0 0  m i l l i o n  T S S  
t a g s  f r o m  3 1  d i f f e r e n t  l i b r a r i e s .
T h e  c o n t e n t s  o f  g e n o m e  a n n o t a t i o n  d a t a b a s e s  a r e  s u b j e c t  t o  c h a n g e .  B e c a u s e  o f  t h e  
d y n a m i c  n a t u r e  o f  b i o l o g i c a l  s t u d i e s ,  e a c h  y e a r  t h e  l i m i t  o f  d e t e c t i o n  i s  g r e a t l y  i n c r e a s e d ,  
a n d  n e w  a n n o t a t i o n s  o r  u p d a t e d  a n n o t a t i o n s  c o n t i n u e  t o  e m e r g e .  T h e  d e f i n i t i o n  o f  a  f i n ­
i s h e d  g e n o m e  i s  n e c e s s a r i l y  a  m o v i n g  t a r g e t  [ S c h l  0 5 ] .  T a k e  t h e  D B T S S  p r o j e c t  a s  a n  
e x a m p l e .  W i t h  t h e  u p d a t e d  k n o w l e d g e  t h a t  a  l a r g e  n u m b e r  o f  h u m a n  g e n e s  t u r n  o u t  t o  
c o n t a i n  m u l t i p l e  p r o m o t e r s ,  a  s i m p l e  c a t a l o g u e  o f  t h e  p r o m o t e r s  a s  o f t e n  p r o v i d e d  i n  t h e  
p r e - e x i s t i n g  d a t a b a s e  b e c o m e s  i n s u f f i c i e n t  t o  r e p r e s e n t  a  g l o b a l  v i e w  o f  t r a n s c r i p t i o n a l  
r e g u l a t i o n  i n  h u m a n  g e n e s  [ Y a m a  1 0 ] .  T h e  e n d e a v o u r  o f  t h e  D B T S S  i s  t o  g e n e r a t e  n e w  
T S S  t a g s  o f  e u k a r y o t i c  m R N A s  b y  s e q u e n c i n g  t h e  5 ’ - e n d  o f  o l i g o - c a p  s e l e c t e d  c D N A s  i n  
d i v e r s e  c e l l u l a r  e n v i r o n m e n t s  [ Y a m a  1 0 ] .
A n n o t a t i o n  b i n d i n g s  r e p r e s e n t  a  c h a r a c t e r i s t i c  p a t t e r n  o f  b i n d i n g  c o l l e c t i o n s .  I n  t h e  
a n n o t a t i o n - b i n d i n g  p a t t e r n ,  d a t a  a n d  m e t a d a t a  t e n d  t o  b e  a s s o c i a t e d  w i t h i n  f i n e r  g r a n u l a r ­
i t i e s ,  f o r  e x a m p l e ,  b i n d i n g  m e t a d a t a  c a n  b e  a  s t a t e m e n t  o r  a  l i s t  o f  t a g s ,  a n d  b i n d i n g  d a t a  
c a n  b e  a  c o o r d i n a t e  i n  a n  « - d i m e n s i o n a l  s p a c e .  T h e  b i n d i n g s  a r e  l a r g e  i n  n u m b e r ,  g e n e r ­
a t e d  b y  m a n y  i n d e p e n d e n t  o r g a n i s a t i o n s ,  a n d  i n  m a n y  s i t u a t i o n s ,  b i n d i n g s  h a v e  m u l t i p l e  
d a t a  o w n e r s  a n d  m u l t i p l e  m e t a d a t a  o w n e r s .  T h e  r e p r e s e n t a t i o n s  o f  t h e  b i n d i n g s  t e n d  t o  b e  
s i m p l e  a n d  u n i f o r m ,  a n d  t h e  c o n t e n t s  o f  b i n d i n g s  c a n  b e  c h a n g e d  o v e r t i m e .
T h e  a n n o t a t i o n - b i n d i n g  p a t t e r n  i s  a l s o  f o u n d  i n  t h e  S l o a n  D i g i t a l  S k y  S u r v e y  s y s ­
t e m ,  w h e r e  b i n d i n g s  a r e  t h e  a s s o c i a t i o n s  o f  d e s c r i p t i v e  t a g s  w i t h  t h e  c o o r d i n a t e s  o f  t h e  
a s t r o n o m i c a l  o b j e c t s  o n  t h e  s u r f a c e  o f  t h e  s p h e r e  [ S z a l O O b ] ;  i n  a  G e o g r a p h i c  I n f o r m a ­
t i o n  S y s t e m s  ( G I S ) ,  t h e  D B p e d i a  M o b i l e  [ B e c k  0 9 ] ,  w h e r e  t h e  b a c k g r o u n d  i n f o r m a t i o n  o f  
p l a c e s  a r e  b o u n d  t o  t h e  l o c a t i o n s  r e p r e s e n t e d  i n  a n  e a r t h  c o o r d i n a t e  s y s t e m ;  i n  a  b i o m e d i ­
c a l  i m a g e  a n n o t a t i o n  s y s t e m s ,  t h e  A l l a n  B r a i n  g e n e  e x p r e s s i o n  d a t a b a s e  [ J o n e  0 9 ] ,  w h e r e  
g e n e  e x p r e s s i o n  a n n o t a t i o n s  a r e  b o u n d  t o  t h e  c o o r d i n a t e s  o f  t h e  a n a t o m i c a l  r e g i o n s  o n  t h e  
3 D  a t l a s ;  a n d  a  d i s t r i b u t e d  b o o k m a r k  s y s t e m ,  t h e  D e l i c i o u s 2 0 , w h e r e  d e s c r i p t i v e  t a g s  a r e  
b o u n d  t o  t h e  U R L s  o f  w e b s i t e  o b j e c t s .
T o  s u p p o r t  t h e  a n n o t a t i o n - b i n d i n g  p a t t e r n ,  a  s y s t e m  s h o u l d  p r o v i d e  l i g h t w e i g h t  a n d  
f l e x i b l e  a n n o t a t i o n  m e c h a n i s m s ,  a s  w e l l  a s  s u p p o r t  l a r g e - s c a l e  s h a r i n g  o f  b i n d i n g s .
2 . 2 . 2  S c i e n t i f i c  C u r a t i o n  a n d  A r c h i v e
C u r a t i o n  a i m s  t o  m a i n t a i n  d i g i t a l  r e s e a r c h  d a t a  a n d  o t h e r  d i g i t a l  m a t e r i a l s  o v e r  t h e i r  e n ­
t i r e  l i f e - c y c l e  f o r  c u r r e n t  a n d  f u t u r e  g e n e r a t i o n s  o f  u s e r s  [ B e a g 0 6 ] ,  C u r a t i o n  i n c l u d e s
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t h e  p r o c e s s  o f  d i g i t a l  a r c h i v i n g  a n d  p r e s e r v a t i o n ,  a n d  t h e  c a p a c i t y  t o  a d d  v a l u e  t o  d a t a  t o  
g e n e r a t e  n e w  s o u r c e s  o f  i n f o r m a t i o n  a n d  k n o w l e d g e .  E x a m p l e s  o f  c u r a t i o n  a n d  a r c h i v e  
d a t a b a s e s  i n c l u d e  t h e  P r o t e i n  D a t a  B a n k  ( P D B ) 2 1 , w h i c h  a r c h i v e s  b i o l o g i c a l  m a c r o m o l e c -  
u l a r  c r y s t a l  s t r u c t u r e s ;  t h e  N A S A  L i f e  S c i e n c e s  D a t a  A r c h i v e  ( L S D A ) 2 2 , w h i c h  p r e s e r v e s  
i n f o r m a t i o n  a n d  d a t a  f r o m  N A S A ’ s  s p a c e  f l i g h t  e x p e r i m e n t s ,  a n d  t h e  P l a n e t a r y  D a t a  S y s ­
t e m  ( P D S ) 2 3 , w h i c h  p r o v i d e s  a r c h i v i n g  s e r v i c e  a n d  d a t a  a c c e s s  f o r  N A S A - f u n d e d  p l a n ­
e t a r y  s c i e n c e  c o m m u n i t y .  T h e  c u r a t i o n / a r c h i v e  p r o j e c t s  o f t e n  e x i s t  f o r  a  l o n g  t i m e ,  e . g . ,  
t h e  L S D A  s t a r t e d  s i n c e  1 9 6 1 2 2 , P D B  s i n c e  1 9 7 1 2 4 , a n d  P D S  s i n c e  1 9 9 3 2 3 . T h e  r a n g e  o f  
d a t a  t y p e s  ( e . g . ,  f o r  d i f f e r e n t  w a y s  o f  d e t e r m i n i n g  s t r u c t u r e )  a n d  t h e  r a n g e  o f  u s e s  h a v e  
c h a n g e d  s i g n i f i c a n t l y  o v e r  t h i s  t i m e .
B i n d i n g s  i n  c u r a t i o n / a r c h i v e  s y s t e m s  o f t e n  e x i s t  i n  a  c o a r s e  g r a n u l a r i t y ,  a n d  i n  t w o  
m a i n  f o r m s :  t h e  f o r m  o f  a s s o c i a t i o n  o f  t h e  m e t a d a t a  r e c o r d  w i t h  t h e  i d e n t i f i e r  o f  t h e  
a r c h i v e  d a t a s e t ,  w h i c h  a r e  o f t e n  s t o r e d  i n  t h e  m e t a d a t a  c a t a l o g u e s ;  a n d  t h e  f o r m  o f  a s s o c i ­
a t i o n  o f  t h e  m e t a d a t a  f i l e  a n d  t h e  d a t a s e t  f i l e ,  w h i c h  a r e  s t o r e d  i n  t h e  a r c h i v e  m e d i a .
B i n d i n g  d a t a  i n  m a n y  c u r a t i o n / a r c h i v e  d a t a b a s e s  a r e  s t o r e d  i n  u n i f o r m  f o r m a t s ,  e . g . ,  
P D B  s p e c i f y  t h e  s u b m i s s i o n  d a t a  f o r m a t ,  t h e  s o - c a l l e d  P D B  f o r m a t .  A n d  t h e  L S D A  p r e ­
s e r v e s  a l l  d a t a  o n  C D - R O M s  i n  t h e  I S O 9 6 6 0  f o r m a t 2 5  a n d  a l l  d a t a  a r e  w r i t t e n  i n t o  A S C I I .  
B u t  t h e r e  c a n  b e  e x c e p t i o n s ,  e . g . ,  P D S  s t o r e s  d a t a  a s  t h e i r  o r i g i n a l  f o r m a t  t o  e n a b l e  c o n ­
t i n u e  a c c e s s  b y  t h e  e x i s t i n g  s o f t w a r e .  D u r i n g  s u b m i s s i o n ,  a n  a r c h i v e  d a t a s e t  i s  u s u a l l y  
g i v e n  a  u n i q u e  i d e n t i f i e r  i n t e r n a l l y  b y  t h e  a r c h i v e  s y s t e m .
B i n d i n g  m e t a d a t a  i n  a r c h i v e  s y s t e m s  t e n d  t o  b e  s t a n d a r d i s e d .  A r c h i v e  s y s t e m s  u s u a l l y  
d e f i n e  m e t a d a t a  s t a n d a r d s  a n d  p r o v i d e  m e t a d a t a  e d i t o r s  a l l o w i n g  p r o f e s s i o n a l  c u r a t o r s  t o  
d e s c r i b e  s u b m i t t e d  d a t a s e t s ,  i . e . ,  P D B  a n d  P D S  u s e  t e m p l a t e s ,  a n d  L S D A  m a n a g e s  m e t a ­
d a t a  t h r o u g h  t h e  F i l e M a k e r .  T h e  s t a n d a r d s  w o u l d  c h a n g e  w h e n  n e w  d a t a  t y p e s  a p p e a r ,  
a n d  s o f t w a r e  m a y  a l s o  b e  c h a n g e d  o r  u p d a t e d .  E a c h  m e t a d a t a  r e c o r d  i s  u s u a l l y  s t o r e d  i n  
c a t a l o g u e s  f o r  d i s c o v e r y ,  a n d  a  f i l e  c o p y  i s  s a v e d  w i t h  t h e  d a t a s e t  t o  b e  a r c h i v e d  t o g e t h e r ,  
s o  t h a t  t h e  c a t a l o g u e s  c a n  b e  r e c o n s t r u c t e d .
B i n d i n g s  i n  a r c h i v e  s y s t e m s  m a y  g r o w  i n  p r o p o r t i o n  t o  t h e  a c c u m u l a t e d  d a t a  w h i c h  
o f t e n  s t a r t s  a t  a  s l o w  p a c e  a n d  t h e n  a c c e l e r a t e s  q u i c k l y .  F o r  e x a m p l e ,  a t  t h e  b e g i n n i n g  t h e  
P D B  a r c h i v e  h e l d  o n l y  s e v e n  p r o t e i n  s t r u c t u r e s ,  a n d  i n  t h e  1 9 8 0 s  t h e  n u m b e r  o f  d e p o s i t e d  
s t r u c t u r e s  b e g a n  t o  i n c r e a s e  d r a m a t i c a l l y .  I n  2 0 0 1  t h e r e  w e r e  o v e r  1 6 , 5 0 0  e n t r i e s  i n  t h e  
a r c h i v e  [ B e r m  0 2 ] ,  a s  o f  t h i s  w r i t i n g  i n  D e c e m b e r  2 0 1 0 ,  t h i s  n u m b e r  i s  n e a r l y  7 0 , 0 0 0 2 6 .
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2 . 2 .  O b s e r v a t i o n s  o f  B i n d i n g s  i n  S c i e n t i f i c  A p p l i c a t i o n s 17
S u c c e s s f u l  l o n g - t e r m  h i g h  q u a l i t y  d a t a  p r e s e r v a t i o n  r e q u i r e s  m a i n t e n a n c e  o f  t h e  c o n ­
s i s t e n c y  o f  b i n d i n g s  b e t w e e n  d a t a  a n d  m e t a d a t a  t o  r e d u c e  t h e  l i k e l i h o o d  o f  i m p o r t a n t  d a t a  
b e c o m i n g  i n c o m p r e h e n s i b l e  a n d  u n - u s a b l e  o v e r  s u b s t a n t i a l l y  l o n g  p e r i o d s  o f  t i m e .  M e c h ­
a n i s m s  s h o u l d  b e  p r o v i d e d  t o  e f f i c i e n t l y  r e g i s t e r  t h e  b i n d i n g s ,  a n d  d e p e n d a b l y  m a n a g e  
t h e m .
2 . 2 . 3  S c i e n t i f i c  I n f o r m a t i o n  I n t e g r a t i o n
C o n v e n t i o n a l l y ,  a n  i n d i v i d u a l  r e s e a r c h e r  d e v e l o p s  h y p o t h e s e s ,  d e s i g n s  e x p e r i m e n t s  t o  t e s t  
t h e s e  h y p o t h e s e s ,  c o l l e c t s  o b s e r v a t i o n a l  d a t a ,  a n d  p u b l i s h e s  r e s u l t s  b a s e d  o n  e x p e r i m e n t s .  
N o w a d a y s ,  m u c h  s c i e n t i f i c  r e s e a r c h  i s  a c h i e v e d  b y  w i d e l y  d i s t r i b u t e d ,  m u l t i d i s c i p l i n a r y  
c o l l a b o r a t i o n s  w h i c h  e n a b l e  s c i e n t i f i c  d i s c o v e r y  b a s e d  o n  e v a l u a t i n g  m u l t i p l e  c o m p e t i n g  
h y p o t h e s e s  u s i n g  m u l t i p l e  t y p e s  o f  e v i d e n c e  a n d  r e l a t i n g  n e w  f i n d i n g s  t o  t h e  e x i s t i n g  
k n o w l e d g e  a n d  l i t e r a t u r e  i n  a  f i e l d .  I n f o r m a t i o n  i n t e g r a t i o n  e m e r g e s  a s  t h e  k e y  t e c h n o l o g y  
f o r  s e e k i n g  t o  m a x i m a l l y  e x p l o i t  a v a i l a b l e  i n f o r m a t i o n  t o  c r e a t e  n e w  s c i e n t i f i c  k n o w l e d g e .
T a k e  o n e  o f  t h e  e - S c i e n c e  d o m a i n  p r a c t i c e s  a s  a n  e x a m p l e :  t h e  N u c l e i c  A c i d s  R e ­
s e a r c h  J a n u a r y  2 0 1 0  i n c l u d e s  d e s c r i p t i o n s  o f  5 8  n e w  a n d  7 3  u p d a t e d  d a t a  r e s o u r c e s ,  i t s  
o n l i n e  d a t a b a s e  c o l l e c t i o n  l i s t s  1 2 3 0  c a r e f u l l y  s e l e c t e d  d a t a b a s e s  c o v e r i n g  v a r i o u s  a s ­
p e c t s  o f  m o l e c u l a r  a n d  c e l l  b i o l o g y .  T h e s e  d a t a  c o l l e c t i o n s  a r e  f a r  m o r e  t h a n  a  d i s t i n c t  
s e t  o f  r e s o u r c e s ;  t h e y  f o r m  a  v i r t u a l  k n o w l e d g e b a s e  o f  c o n n e c t e d  d a t a ,  c o n c e p t s  a n d  
s h a r e d  t e c h n o l o g y .  B e s i d e s  a r c h i v e  d a t a b a s e s ,  a  l a r g e  n u m b e r  o f  i n t e g r a t i o n  d a t a b a s e s  
e x i s t .  T h e  a r c h i v e  d a t a b a s e s ,  s u c h  a s  t h e  P r o t e i n  D a t a  B a n k  ( a  p r o t e i n  s t r u c t u r e s  r e ­
s o u r c e )  [ V e l a  1 0 ] ,  t h e  E u r o p e a n  N u c l e o t i d e  A r c h i v e  ( E N A ,  t h e  E u r o p e ’ s  p r i m a r y  n u ­
c l e o t i d e  s e q u e n c e  a r c h i v a l  r e s o u r c e s )  [ L e i n  1 0 ] ,  t h e  G e n B a n k  ( a  n u c l e i c  a c i d  s e q u e n c e  
d a t a b a s e )  [ B e n s  0 8 ] ,  E L M  ( a  e u k a r y o t i c  l i n e a r  m o t i f  r e s o u r c e )  [ G o u l  1 0 ] ,  t h e  E u r o p e a n  
M o u s e  M u t a n t  A r c h i v e  ( E M M A ,  a  m o u s e  m u t a n t  s t r a i n s  r e s o u r c e )  [ W i l k  1 0 ] ,  a n d  t h e  
P u b C h e m  B i o A s s a y  D a t a b a s e  ( a n  a r c h i v e  o f  s m a l l  m o l e c u l e s  a n d  s m a l l  i n t e r f e r i n g  R N A s )  
[ W a n g  1 0 ] ,  t y p i c a l l y  c o l l e c t  a n d  m a i n t a i n  s p e c i f i c  b i o l o g i c a l  d o m a i n s ’  e x p e r i m e n t a l  d e ­
s c r i p t i o n s  a n d  i n f o r m a t i o n ,  w i t h  l i n k s  o f  r e f e r e n c e s  a n d  r e l a t e d  i n f o r m a t i o n  f r o m  o t h e r  
d a t a b a s e s .  T h e  i n t e g r a t e d  d a t a b a s e s  a r e  b u i l t  u p o n  t h e s e  r e s o u r c e s ;  t h e y  c o m b i n e  d a t a  
f r o m  v a r i o u s  a r c h i v a l  d a t a b a s e s  a n d  r e o r g a n i s e  t h e m  t o  f o r m  n e w  v i e w s  o f  k n o w l e d g e .  
F o r  e x a m p l e ,  t h e  N a t i o n a l  C e n t e r  f o r  B i o t e c h n o l o g y  I n f o r m a t i o n  ( N C B I )  r e s o u r c e  p r o ­
v i d e s  a n a l y s i s  a n d  r e t r i e v a l  r e s o u r c e s  f r o m  t h e  G e n B a n k ,  t h e  E n t r e z ,  t h e  P u b M e d ,  t h e  E n -  
t r e z e G e n e  a n d  o t h e r  b i o l o g i c a l  d a t a  m a d e  a v a i l a b l e  t h r o u g h  t h e  N C B I  w e b  s i t e  [ S a y e  1 0 ] ,  
C h i m e r D B  i d e n t i f i e s  g e n e s  f r o m  b i o i n f o r m a t i c s  a n a l y s i s  o f  t r a n s c r i p t  s e q u e n c e s  i n  t h e  
G e n B a n k ,  O M I M ,  P u b M e d  a n d  S a n g e r  c a n c e r  g e n o m e  p r o j e c t  [ K i m  1 0 ] .  T h e  C o m s i n  
d a t a b a s e  f r o m  t h e  c o m p l e t e  P D B  s e l e c t s  p a i r s  o f  p r o t e i n  s t r u c t u r e s  i n  b o u n d  a n d  u n b o u n d  
s t a t e s  a n d  i d e n t i f i e s  r e g i o n s  o f  i n t r i n s i c  d i s o r d e r  [ L o b a  1 0 ] ,  w h i l e  t h e  P D B  s e l e c t  s e l e c t s
18 C h a p t e r  2 .  U n d e r s t a n d i n g  B i n d i n g
r e p r e s e n t a t i v e  p r o t e i n  c h a i n s  w i t h  l o w  m u t u a l  s e q u e n c e  i d e n t i t y  f r o m  t h e  P D B  [ G r i e  1 0 ] .
T o  h a v e  a  c l o s e  l o o k  a t  h o w  b i n d i n g s  a r e  u s e d  i n  t h e  i n t e g r a t i o n  s y s t e m s ,  t a k e  t h e  
N C B I  r e s o u r c e  a s  a n  e x a m p l e ,  w h i c h  i n t e g r a t e s  a  v a r i e t y  o f  d a t a b a s e s ,  a p p l i c a t i o n s  a n d  
t o o l s  r e l a t e d  t o  t h e  m o l e c u l a r  b i o l o g y .  E n t r e z  [ S a y e  1 0 ,  S c h u  9 6 ]  i s  a n  i n t e g r a t e d  d a t a b a s e  
w i t h i n  N C B I  t h a t  p r o v i d e s  a c c e s s  t o  a  d i v e r s e  s e t  o f  3 8  d a t a b a s e s  t h a t  t o g e t h e r  c o n t a i n  
o v e r  4 0 0  m i l l i o n  r e c o r d s .  E n t r e z  s u p p o r t s  d o w n l o a d i n g  o f  d a t a  i n  v a r i o u s  f o r m a t s  a n d  
l i n k i n g  o f  r e c o r d s  b e t w e e n  d a t a b a s e s  b a s e d  o n  b i o l o g i c a l  r e l a t i o n s h i p s .  A l t h o u g h  t h e  
c o n c e p t s  o f  d a t a  a n d  m e t a d a t a  a r e  a m b i g u o u s  h e r e ,  t h e  E n t r e z  l i n k s  c a n  b e  r e g a r d e d  a s  
b i n d i n g s  i n  t h e  c o n t e x t  o f  t h i s  i n v e s t i g a t i o n .  E n t r e z  l i n k s  e x i s t  i n  v a r i o u s  f o r m s .  I n  t h e  
s i m p l e s t  f o r m s ,  t h e y  m a y  b e  c r o s s - r e f e r e n c e s  b e t w e e n  a  s e q u e n c e  a n d  t h e  a b s t r a c t  o f  t h e  
p a p e r  i n  t h e  P u b M e d ,  o r  b e t w e e n  a  p r o t e i n  s e q u e n c e  a n d  i t s  c o d i n g  D N A  s e q u e n c e  o r  
i t s  3 D  s t r u c t u r e  [ S a y e  1 0 ] .  I n  a  m o r e  c o m p l e x  f o r m ,  t h e r e  a r e  c o m p u t a t i o n a l l y  d e r i v e d  
E n t r e z  l i n k s  b e t w e e n  ‘ n e i g h b o u r i n g  r e c o r d s ’ , s u c h  a s  t h o s e  b a s e d  o n  c o m p u t e d  s i m i l a r ­
i t i e s  a m o n g  s e q u e n c e s  o r  a m o n g  P u b M e d  a b s t r a c t s ,  w h i c h  a l l o w  r a p i d  a c c e s s  t o  g r o u p s  
o f  r e l a t e d  r e c o r d s  [ S a y e  1 0 ] .  O n  t h e  o t h e r  h a n d ,  a  s e r v i c e  c a l l e d  L i n k O u t  e x p a n d s  t h e  
r a n g e  o f  E n t r e z  l i n k s  t o  i n c l u d e  e x t e r n a l  s e r v i c e s  ( o w n e d  b y  o t h e r  o r g a n i s a t i o n s ) ,  s u c h  
a s  o r g a n i s m - s p e c i f i c  g e n o m e  d a t a b a s e s .  T h e  l i n k e d  d a t a s e t s  c a n  b e  d i s p l a y e d  i n  m a n y  
f o r m a t s  a n d  d o w n l o a d e d  s i n g l y  o r  i n  b a t c h e s .
E n t r e z  G e n e  o f  N C B I  [ M a g i  0 6 ]  p r o v i d e s  d e s c r i p t i v e  i n f o r m a t i o n  a b o u t  m o r e  t h a n
5 . 4  m i l l i o n  g e n e  a n d  s e q u e n c e s  w i t h  b i n d i n g s  t o  N C B I ’ s  M a p  V i e w e r ,  E v i d e n c e  V i e w e r ,  
M o d e l  M a k e r ,  B l i n k ,  p r o t e i n  d o m a i n s  f r o m  t h e  N C B I  C o n s e r v e d  D o m a i n  d a t a b a s e  ( C D D )  
a n d  o t h e r  g e n e - r e l a t e d  r e s o u r c e s ,  a n d  b i n d i n g s  t o  t h e  n e w e s t  c i t a t i o n s  i n  P u b M e d .
T h e  M o l e c u l a r  M o d e l l i n g  D a t a b a s e  o f  N C B I  [ W a n g  0 7 ]  c o n t a i n s  e x p e r i m e n t a l l y  d e ­
t e r m i n e d  c o o r d i n a t e  s e t s  f r o m  t h e  P r o t e i n  D a t a  B a n k ,  a t t a c h e d  w i t h  b i n d i n g s  t o  d o m a i n  a n ­
n o t a t i o n s ,  r e l e v a n t  l i t e r a t u r e ,  p r o t e i n  a n d  n u c l e o t i d e  s e q u e n c e s ,  c h e m i c a l s  a n d  c o n s e r v e d  
d o m a i n s  i n  C D D ,  a n d  s t r u c t u r a l  n e i g h b o u r s  i n  t h e  3 D  D o m a i n s  d a t a b a s e .
P u b M e d  d a t a b a s e  o f  N C B I  c o n t a i n s  m o r e  t h a n  1 9  m i l l i o n  c i t a t i o n s  d a t i n g  b a c k  t o  t h e  
1 8 6 0 s  f r o m  m o r e  t h a n  2 1 , 0 0 0  l i f e  s c i e n c e  j o u r n a l s  [ S a y e  1 0 ] .  O v e r  1 0  m i l l i o n  o f  t h e s e  
c i t a t i o n s  h a v e  b i n d i n g s  t o  t h e i r  f u l l - t e x t  a r t i c l e s  [ S a y e  1 0 ] .  P u b M e d  i s  h e a v i l y  l i n k e d  
t o  o t h e r  c o r e  E n t r e z  d a t a b a s e s  w h e r e  i t  p r o v i d e s  a  c r u c i a l  b r i d g e  b e t w e e n  t h e  d a t a  o f  
m o l e c u l a r  b i o l o g y  a n d  t h e  s c i e n t i f i c  l i t e r a t u r e .  P u b M e d  r e c o r d s  a r e  a l s o  l i n k e d  t o  o n e  
a n o t h e r  w i t h i n  E n t r e z  a s  r e l a t e d  a r t i c l e s  o n  t h e  b a s i s  o f  s i m i l a r i t y  a l g o r i t h m s .
B i n d i n g s  i n  t h e  i n t e g r a t i o n  a p p l i c a t i o n s  t e n d  t o  b e  d i v e r s e ,  a n d  m a n y  o f  t h e m  u s e  
r e f e r e n c e s  t o  r e p r e s e n t  t h e  a s s o c i a t i o n s  b e t w e e n  d a t a  a n d  m e t a d a t a .  O n e  o f  t h e  c h a l l e n g e s  
f o r  s u p p o r t i n g  i n t e g r a t i o n - b i n d i n g  p a t t e r n  i s  h o w  t o  p r o v i d e  a  u n i f i e d  b i n d i n g  m o d e l  a n d  
s y s t e m  r e p r e s e n t a t i o n  t o  i n c l u d e  t h e  i n f o r m a t i o n  o f  v a r i o u s  t y p e s  f r o m  e x t a n t  d a t a  a n d  
m e t a d a t a .  I n  p r i n c i p l e ,  s u c h  b i n d i n g  m o d e l  s h o u l d  b e  s i m p l e  a n d  e x t e n s i b l e .
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2 . 2 . 4  S c i e n t i f i c  W o r k f l o w
S c i e n t i f i c  p r o b l e m  s o l v i n g  i s  a n  e v o l v i n g  p r o c e s s .  S c i e n t i s t s  s t a r t  w i t h  a  s e t  o f  q u e s t i o n s  
t h e n  o b s e r v e  p h e n o m e n o n ,  g a t h e r  d a t a ,  d e v e l o p  h y p o t h e s e s ,  p e r f o r m  t e s t s ,  n e g a t e  o r  m o d ­
i f y  h y p o t h e s e s ,  r e i t e r a t e  t h e  p r o c e s s  w i t h  v a r i o u s  d a t a ,  a n d  f i n a l l y  c o m e  u p  w i t h  a  n e w  
s e t  o f  q u e s t i o n ,  t h e o r i e s  o r  l a w s .  M o s t  o f  t h e  t i m e  b e f o r e  t h i s  p r o c e s s  c a n  e n d  i n  r e s u l t s ,  
s c i e n t i s t s  w i l l  f i n e - t u n e  t h e i r  e x p e r i m e n t s ,  g o i n g  t h r o u g h  m u c h  i t e r a t i o n  w i t h  d i f f e r e n t  p a ­
r a m e t e r s  [ A l t i  0 6 ] ,  S c i e n t i f i c  w o r k f l o w  r e p r e s e n t s  t h e  l o g i c a l  a b s t r a c t i o n  o f  t h i s  p r o c e s s .
S c i e n t i f i c  w o r k f l o w  i s  t h e  a p p l i c a t i o n  o f  w o r k f l o w  t e c h n o l o g y  t o  s c i e n t i f i c  e n d e a v ­
o u r s .  I t  a i m s  t o  c a p t u r e  t h e  n e c e s s a r y  s e m a n t i c s  o f  c o m p u t a t i o n a l  r e s o u r c e s ,  a n d  p r o v i d e  
r o b u s t  p r o b l e m - s o l v i n g  e n v i r o n m e n t s  t h a t  e n a b l e  b i n d i n g s  o f  a n y  s c i e n t i f i c  d a t a  a n d  s e r ­
v i c e s .  C u r r e n t l y ,  t h e  ( S e m a n t i c )  W e b  S e r v i c e  a n d  S e r v i c e  O r i e n t a t e d  A r c h i t e c t u r e  ( S O A )  
t e c h n o l o g y  h a v e  b e e n  p o p u l a r l y  a d o p t e d  i n  t h i s  p a r a d i g m .
S u r v e y s  o n  s c i e n t i f i c  w o r k f l o w  s y s t e m s  h a v e  b e e n  p r o v i d e d  i n  l i t e r a t u r e  [ D e e l  0 9 ,  
C u r e  0 8 ] ,  t h e  f o l l o w i n g  r e p r e s e n t a t i v e  w o r k f l o w  s y s t e m s  a r e  s e l e c t e d  f o r  a n a l y s i s  o f  b i n d ­
i n g s .
T h e  m;yG r i d  m i d d l e w a r e  f r a m e w o r k  p r o v i d e s  w e b  s e r v i c e s  f o r  b i o l o g i c a l  e x p e r i m e n ­
t a l  a n a l y s i s  [ H u l l  0 6 ] .  ' " ' G r i d  e x e c u t e s  w o r k f l o w s  w r i t t e n  i n  X S c u f l  l a n g u a g e  u s i n g  t h e  
T a v e m a  e n g i n e .  E a c h  T a v e m a  w o r k f l o w  c a n  h a v e  m e t a d a t a  s t o r e d  i n s i d e  i t  u s i n g  t h e  a u ­
t h o r  a n d  t i t l e  t a g s .  I n  t h i s  c a s e ,  b i n d i n g s  a r e  i n  t h e  f o r m  o f  e m b e d d e d  m e t a d a t a  w i t h i n  
t h e  w o r k f l o w .  A d d i t i o n a l  w o r k f l o w  m e t a d a t a  c a n  b e  s t o r e d  s e p a r a t e l y  f r o m  t h e  w o r k f l o w  
a n d  i d e n t i f i e d  u s i n g  a  L i f e  S c i e n c e  I d e n t i f i e r  ( L S I D ) .  A l l  w o r k f l o w s  h a v e  a n  L S I D  b y  d e ­
f a u l t ,  a n d  m e t a d a t a  a r e  a s s i g n e d  t o  t h i s  L S I D  [ H u l l  0 6 ] .  I n  t h i s  c a s e ,  b i n d i n g s  e x i s t  a s  t h e  
a s s o c i a t i o n s  o f  t h e  r e f e r e n c e  t o  w o r k f l o w  a n d  t h e  r e f e r e n c e  t o  m e t a d a t a .
K e p l e r  [ A l t i  0 6 ,  A l t i  0 4 ] ,  i s  a  s c i e n t i f i c  w o r k f l o w  c o n s t r u c t i o n ,  c o m p o s i t i o n ,  a n d  o r ­
c h e s t r a t i o n  e n g i n e ,  a n d  c a p a b l e  o f  m o d e l l i n g  p r o c e s s e s  i n  a  w i d e  v a r i e t y  o f  s c i e n t i f i c  d o ­
m a i n s ,  f r o m  p h y s i c s  t o  e c o l o g i c a l  w e b  s e r v i c e s .  T h e  w o r k f l o w  c o m p o n e n t s  i n  K e p l e r  a r e  
c a l l e d  a c t o r s  w h i c h  h a v e  i n p u t  p o r t s  a n d  o u t p u t  p o r t  t h a t  p r o v i d e  t h e  c o m m u n i c a t i o n  i n ­
t e r f a c e  t o  j o i n  a n o t h e r  a c t o r .  D a t a  a n d  e x p l i c i t  m e t a d a t a  a r e  r e p r e s e n t e d  a s  a  s e q u e n c e  
o f  to k e n s  w h i c h  a r e  p a s s e d  f r o m  o n e  a c t o r  t o  a n o t h e r .  B i n d i n g s  o f  d a t a  a n d  m e t a d a t a  a r e  
m a n a g e d  t h r o u g h  t h e  K e p l e r  a c t o r s ,  w h i c h  a r e  i n  t h e  f o r m s  o f  a  s e q u e n c e  o f  t o k e n s .
W i n g s  [ K i m  0 6 ,  D e e l  0 9 ]  p r o v i d e s  a  s e m a n t i c  m e t a d a t a  g e n e r a t i o n  a n d  r e a s o n i n g  a p ­
p r o a c h  t h a t  s u p p o r t s  c r e a t i o n  o f  l a r g e  w o r k f l o w s .  W i n g s ’  m e t a d a t a  d e s c r i b e  c o n s t r a i n t s  
o n  f i l e s  a n d  c o l l e c t i o n s ,  w r i t t e n  i n  O W L - D L  a n d  s t o r e d  a s  X M L  f i l e s .  A  W i n g s ’  w o r k ­
f l o w  t e m p l a t e  i s  a n  a b s t r a c t  s p e c i f i c a t i o n  o f  a  w o r k f l o w  w i t h  a  s e t  o f  n o d e s  a n d  j o i n s ,  
w h e r e  e a c h  n o d e  i s  a  p l a c e h o l d e r  f o r  i t e r a t i v e  e x e c u t i o n  o f  a  p r o g r a m  o v e r  a  f i l e  c o l l e c ­
t i o n ,  a n d  e a c h  c o n n e c t o r  r e p r e s e n t s  h o w  t h e  i n p u t  a n d  o u t p u t  p a r a m e t e r s  a r e  c o n n e c t e d .  
G i v e n  a  m e t a d a t a  f i l e  a n d  a  w o r k f l o w  t e m p l a t e ,  W i n g s  v a l i d a t e s  t h e  w o r k f l o w  p l a n  u s i n g
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t h e  m e t a d a t a  c o n s t r a i n t s .  T o  d o  t h i s ,  W i n g s  t r a v e r s e s  j o i n s  i n  t h e  w o r k f l o w  t e m p l a t e  a n d  
g e n e r a t e s  c o n s i s t e n t  b i n d i n g s  f o r  j o i n s ,  w h i c h  b i n d s  f i l e s  o r  c o l l e c t i o n s ,  a n d  t h e  m e t a d a t a  
c o n s t r a i n t s .  T h e  o u t p u t  o f  v a l i d a t i o n  i s  a n  e x e c u t a b l e  w o r k f l o w  p l a n  w i t h  a l l  j o i n s  a t t a c h e d  
t o  v a l i d  b i n d i n g s .
B i n d i n g s  i n  w o r k f l o w  a p p l i c a t i o n s  a r e  n o r m a l l y  e m b e d d e d  i n  t h e  w o r k f l o w  c o n s t r u c ­
t i o n s  t o  r e f e r e n c e  d a t a  a n d  m e t a d a t a  s e t s .  T o  v a l i d a t e  a  w o r k f l o w  p l a n ,  i t  o f t e n  i n v o l v e s  
t h e  e x a m i n a t i o n  o f  t h e  a v a i l a b i l i t y  o f  d a t a  a n d  m e t a d a t a .  T h i s  o b s e r v a t i o n  o f  w o r k f l o w -  
b i n d i n g  p a t t e r n  s u g g e s t s  t h a t  i t  w o u l d  b e  u s e f u l  f o r  a  g e n e r i c  b i n d i n g  m a n a g e m e n t  s y s t e m  
t o  p r o v i d e  o p e r a t i o n s  f o r  c h e c k i n g  t h e  a v a i l a b i l i t y  a n d  a c c e s s i b i l i t y  o f  b i n d i n g  d a t a  a n d  
m e t a d a t a .
2 . 2 . 5  S c i e n t i f i c  P r o v e n a n c e
T h e  s c i e n t i f i c  p r o c e s s e s  d e m a n d  t h e  p r e c i s e  t r a c k i n g  o f  h o w  a  p a r t i c u l a r  r e s u l t  h a s  b e e n  
a c h i e v e d ,  i n  o r d e r  t o  b e  a b l e  t o  e x p l o r e  m a n y  d i f f e r e n t  a l l e y s  s i m u l t a n e o u s l y ,  m o v i n g  
f o r w a r d  t o  w e l l  d e f i n e d  s t a t e s  w h e n  s u c c e s s f u l ,  o r  r o l l i n g  b a c k  o t h e r w i s e .  P r o v e n a n c e  
a w a r e n e s s  b e c o m e s  i m p o r t a n t  u n d e r  t h i s  r e q u i r e m e n t .
P r o v e n a n c e  c a p t u r e s  t h e  d e r i v a t i o n  h i s t o r y  o f  a  d a t a  p r o d u c t ,  s t a r t i n g  f r o m  i t s  o r i g i n a l  
s o u r c e s  [ S i m m  0 5 ] ,  I t  m a k e s  p o s s i b l e  f o r  i n d e p e n d e n t  r e p l i c a t i o n  o f  e x p e r i m e n t s ,  l o c a ­
t i o n  a n d  r e c o v e r y  f r o m  f a u l t s ,  a n d  e n s u r e s  t h a t  w o r k  i s  r e p e a t a b l e .  E x a m p l e  p r o v e n a n c e  
s y s t e m s  i n c l u d e  C h i m e r a  [ F o s t  0 2 ] ,  E S S W  [ F r e w  0 1 ] ,  a n d  S P A D E  [ G e h a  1 0 ] .
C h i m e r a  i s  a  v i r t u a l  d a t a  c a t a l o g u e  t h a t  p r o v i d e s  r e p r e s e n t a t i o n  o f  t h e  w o r k f l o w  p r o ­
c e d u r e s  u s e d  t o  d e r i v e  d a t a  ( t h e  s o - c a l l e d  t r a n s f o r m a t i o n ) ,  t h e  i n v o c a t i o n s  o f  t h o s e  p r o c e ­
d u r e s  ( t h e  s o - c a l l e d  d e r i v a t i o n ) ,  a n d  t h e  d a t a s e t s  p r o d u c e d  b y  t h o s e  i n v o c a t i o n s  [ F o s t  0 2 ] .  
A  C h i m e r a  d e r iv a t io n  c a n  b e  r e g a r d e d  a s  a  b i n d i n g ,  w h i c h  a s s o c i a t e s  t h e  n a m e  o f  a  
C h i m e r a  t r a n s f o r m a t io n ,  a n d  t h e  n a m e s  o f  t h e  d a t a  o b j e c t s  t o  w h i c h  t h e  t r a n s f o r m a t io n  
w a s  a p p l i e d .  A  d a t a  o b j e c t  i s  a  n a m e d  e n t i t y  t h a t  m a y  b e  c o n s u m e d  o r  p r o d u c e d  b y  a  
d e r iv a t io n .  A  d a t a  o b j e c t  i s  a l w a y s  a  l o g i c a l  f i l e ,  n a m e d  b y  a  l o g i c a l  f i l e  n a m e .  A  s e p a ­
r a t e  r e p l i c a  c a t a l o g u e ,  o r  r e p l i c a  l o c a t i o n  s e r v i c e  i s  u s e d  t o  m a p  f r o m  l o g i c a l  f i l e  n a m e  t o  
p h y s i c a l  l o c a t i o n s  f o r  r e p l i c a s .  W h e n  e x e c u t i n g ,  w o r k f l o w s  a u t o m a t i c a l l y  c r e a t e  d e r i v a ­
t io n  o b j e c t s  f o r  e a c h  t r a n s f o r m a t io n  i n  t h e  w o r k f l o w ,  a n n o t a t e d  w i t h  r u n t i m e  i n f o r m a t i o n  
o f  t h e  p r o c e s s .  T h e  d e r iv a t io n  o b j e c t s ,  w h i c h  a r e  t h e  b i n d i n g s ,  l i n k  p r o c e s s  i n p u t  a n d  
o u t p u t  d a t a  p r o d u c t s ,  a n d  t h e y  c o n s t i t u t e  a n  a n n o t a t i o n  s c h e m e  f o r  p r o v e n a n c e  m e t a d a t a .
E S S W ,  t h e  E a r t h  S y s t e m  S c i e n c e  W o r k b e n c h ,  i s  a  m e t a d a t a  m a n a g e m e n t  a n d  d a t a  
s t o r a g e  s y s t e m  f o r  e a r t h  s c i e n c e  r e s e a r c h e r s  [ F r e w  0 1 ] .  E S S W  t r a c k s  h o w  s c i e n c e  o b j e c t s  
a r e  a s s o c i a t e d ,  a n d  t h e  o r i g i n  a n d  p r o c e s s i n g  h i s t o r y  o f  e a c h  s c i e n c e  o b j e c t  -  t h e  o b j e c t ’ s  
p r o v e n a n c e  -  i s  c o l l e c t e d  [ F r e w  0 1 ] ,  B i n d i n g s  i n  E S S W  e x i s t  a s  t h e  l i n k s  o f  s c i e n c e  o b ­
j e c t s ,  r e p r e s e n t i n g  t h e  t o - f r o m  r e l a t i o n s h i p  b e t w e e n  s c i e n c e  o b j e c t s ;  t h e y  a r e  s t o r e d  i n
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a  d a t a b a s e  t a b l e ,  S c i e n c e O b j e c t L i n k ,  w h i c h  a l l o w s  t h e  a t t a c h m e n t  o f  t h e i r  p r o v e n a n c e .  
E S S W  p r o v e n a n c e  p r o v i d e s  i n f o r m a t i o n  t o  m o v e  b a c k w a r d s  t h r o u g h  l i n k e d  i n p u t s ,  p r o ­
c e s s i n g  s t e p s ,  a n d  o u t p u t s ,  w h i c h  e n a b l e s  a  d a t a - u s e r  t o  d i s c o v e r  t h e  s o u r c e  o f  e r r o r s .  
D e s c e n d i n g  a  l i n e  o f  c o n n e c t e d  o b j e c t s  c a n  i d e n t i f y  e r r o n e o u s  p r o d u c t s .
S P A D E  i s  a  d i s t r i b u t e d  p r o v e n a n c e  s y s t e m  t o  m a n a g e  p r o v e n a n c e  a c r o s s  h o s t s  a n d  
o r g a n i s a t i o n a l  b o u n d a r i e s  [ G e h a  1 0 ] .  T h e  m a i n  c h a l l e n g e  f o r  S P A D E  i s  h o w  t o  a u d i t  t h e  
m o v e m e n t  o f  f i l e s  s o  t h a t  t h e r e  i s  n o  l o s s  o f  c o u p l i n g  b e t w e e n  t h e  f i l e  c o n t e n t s  a n d  t h e  
a s s o c i a t e d  p r o v e n a n c e  m e t a d a t a  [ G e h a  1 0 ] .  B i n d i n g s  e x i s t  a s  S P A D E  p r o v e n a n c e  g r a p h s ,  
w h i c h  a s s o c i a t e  f i l e s  w i t h  t h e i r  e x e c u t i o n  p r o c e s s e s .  I n  t h e  S P A D E  p r o v e n a n c e  g r a p h s ,  
f i l e s  a r e  i d e n t i f i e d  b y  t h e  p a t h n a m e  i n  t h e  h o s t ’ s  f i l e s y s t e m ,  t h e  s i z e  o f  t h e  f i l e ,  t h e  l a s t  
t i m e  i t  w a s  m o d i f i e d  a n d  a  h a s h  o f  i t s  c o n t e n t s .  E x e c u t i o n  p r o c e s s e s  a r e  i d e n t i f i e d  b y  
t h e  p r o c e s s  n a m e ,  o p e r a t i n g  s y s t e m  i d e n t i f i e r ,  o w n e r  a n d  g r o u p .  E d g e s  o f  t h e  S P A D E  
p r o v e n a n c e  g r a p h s  a s s o c i a t e  a n  i n p u t  f i l e  w i t h  t h e  p r o c e s s ,  a n d  t h e  p r o c e s s  w i t h  a n  o u t p u t  
f i l e .
M a n a g i n g  p r o v e n a n c e - b i n d i n g  p a t t e r n s  r e q u i r e s  l o w - o v e r h e a d  b i n d i n g  g e n e r a t i o n s ,  
a n d  s c a l a b l e  s t r a t e g i e s  t o  s t o r e  a n d  s e a r c h  b i n d i n g s  w h i c h  a r e  p o t e n t i a l l y  h u g e  i n  v o l u m e  
a n d  i n c r e a s e  q u i c k l y .
2 . 2 . 6  C o n c l u s i o n
I n  t h i s  s e c t i o n ,  a  c l a s s i f i c a t i o n  f r a m e w o r k  h a s  b e e n  i n t r o d u c e d  t o  u n d e r s t a n d  a n d  c o n ­
c e p t u a l l y  d e s c r i b e  c h a r a c t e r i s t i c s  o f  b i n d i n g s .  S a m p l e  s y s t e m s  f r o m  f i v e  m e t a d a t a - c e n t r i c  
e - S c i e n c e  a p p l i c a t i o n  d o m a i n s  h a v e  b e e n  a n a l y s e d  f r o m  b i n d i n g  p o i n t  o f  v i e w .  A l t h o u g h  
b i n d i n g  m a n a g e m e n t  i s  s t i l l  a n  e x p l o r a t o r y  f i e l d  w i t h  m a n y  a n d  v a r i e d  a p p l i c a t i o n s ,  t h e  
w i d e s p r e a d  n e e d  t o  s u p p o r t  t h e  ( c r e a t i o n  a n d  u s e  o f )  b i n d i n g s  i s  c l e a r .  T a b l e  2 . 4  s u m ­
m a r i s e s  t h e  u s a g e  o f  b i n d i n g s  i n  v a r i o u s  a p p l i c a t i o n s .
Table 2.4: Examples of Binding Usage
Application Domain Uses of Bindings
Genome Annotation Associate annotations to sequence reference
Life Science Archive Maintain data-metadata consistency
Bio-information Integration Link and reference information
Metadata-driven Workflow Locate data/metadata
Distributed Provenance Record data-metadata provenance
T h e  i n v e s t i g a t i o n  i l l u s t r a t e  t h a t  i n  m a n y  s c i e n t i f i c  a p p l i c a t i o n s  t h e  d a t a  a n d  m e t a d a t a  
w e r e  o f t e n  c r e a t e d  a n d  s t o r e d  s e p a r a t e l y :  t h e y  m a y  b e  g e n e r a t e d  b y  d i f f e r e n t  u s e r s ,  i n  
d i f f e r e n t  c o m p u t i n g  p r o c e s s e s ,  s t o r e d  a t  t h e  d i f f e r e n t  l o c a t i o n s ,  i n  d i f f e r e n t  t y p e s  o f  s t o r ­
a g e .  D a t a  a n d  m e t a d a t a  m a y  h a v e  d i f f e r e n t  l i f e c y c l e s ,  i . e . ,  t h e y  m a y  h a v e  b e e n  c r e a t e d  a t
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a  d i f f e r e n t  t i m e ,  u p d a t e d  a n d  r e m o v e d  i n d e p e n d e n t l y .  O f t e n ,  t h e r e  i s  m o r e  t h a n  o n e  s e t  
o f  m e t a d a t a  r e l a t e d  t o  a  s i n g l e  d a t a  r e s o u r c e .  F o r  e x a m p l e ,  w h e n  t h e  e x i s t i n g  m e t a d a t a  
b e c o m e s  i n s u f f i c i e n t ,  u s e r s  m a y  d e s i g n  n e w  t e m p l a t e s  t o  m a k e  a n o t h e r  d e s c r i p t i o n .  W i t h ­
o u t  e f f i c i e n t  s o f t w a r e  a n d  t o o l s ,  b i n d i n g  m a n a g e m e n t  b e c o m e s  o n e r o u s .  I n  f a c t ,  a  l a c k  
o f  e x p l i c i t  a n d  e f f e c t i v e  b i n d i n g  m a n a g e m e n t  m a y  c a u s e  s e r i o u s  p r o b l e m s .  T h e  e v i d e n c e  
w a s  o b t a i n e d  f r o m  a n  e m p i r i c a l  a n a l y s i s  a s  d e s c r i b e d  b e l o w .
2 . 3  O b s e r v a t i o n s  o f  A  B i n d i n g  U s e  C a s e
T o  i d e n t i f y  b i n d i n g - r e l a t e d  p r o b l e m s ,  a  m o d e m  b i o l o g i c a l  i n f o r m a t i o n  s y s t e m ,  t h e  E u -  
r E x p r e s s  p r o j e c t ,  h a s  b e e n  i n v e s t i g a t e d .  M e t a d a t a  a r e  h e a v i l y  u s e d  f o r  i m a g e  m a n a g e ­
m e n t  i n  E u r E x p r e s s .  T h e  p r o j e c t  u s e s  a d v a n c e d  r o b o t i c s  t e c h n o l o g y ,  G e n e P a i n t  [ V i s e  0 4 ,  
B o l a 0 6 ] ,  t o  e n a b l e  h i g h - t h r o u g h p u t  g e n e r a t i o n  o f  b i o l o g i c a l  i m a g e s ,  a n d  p r o v i d e s  t h e  
m e a n s  f o r  s c i e n t i s t s  t o  o b s e r v e  b i o l o g i c a l  t i s s u e s  o r  c e l l s  v i a  t h e  v i r t u a l  m i c r o s c o p e ,  a n  
i m a g e  b r o w s e r .  M e t a d a t a  d e s c r i b e  t h e  c o n t e n t ,  b a c k g r o u n d  k n o w l e d g e ,  a n d  p r o c e s s i n g  
i n s t r u c t i o n s  o f  t h e  i m a g e s .  W i t h o u t  m e t a d a t a ,  b i o l o g i s t s  w o u l d  b e  l e s s  i n f o r m e d  b y  t h e  
d i g i t a l  o b j e c t s  t h a t  o r i g i n a t e  f r o m  a n  o b s e r v a t i o n ,  e x p e r i m e n t s ,  o r  c o m p u t a t i o n .  A s  m o s t  o f  
t h e  e x i s t i n g  i n f o r m a t i o n  r e t r i e v a l  s y s t e m s  o r  i m a g e  p r o c e s s i n g  s o f t w a r e  a r e  s t i l l  t e x t - b a s e d ,  
m e t a d a t a  a r e  c r u c i a l  t o  e n a b l e  a p p l i c a t i o n s  t o  i n t e r a c t  w i t h  i m a g e s ,  t o  p r o v i d e  h u m a n -  a n d  
m a c h i n e - i n t e r p r e t a b l e  i n f o r m a t i o n ,  e . g . ,  t o  f i n d  i m a g e s  a s s o c i a t e d  w i t h  a  p a r t i c u l a r  g e n e  
e x p r e s s i o n ,  a  p a r t i c u l a r  s t a g e  o f  d e v e l o p m e n t  o r  a  p a r t i c u l a r  p a r t  o f  t h e  a n a t o m y .
2 . 3 . 1  T h e  E u r E x p r e s s  P r o j e c t
T h e  s e q u e n c i n g  o f  t h e  g e n o m e s  o f  v a r i o u s  o r g a n i s m s ,  s u c h  a s  t h e  f r u i t  f l y ,  m o u s e  a n d  
h u m a n  i s  o n e  o f  t h e  m a j o r  r e c e n t  s u c c e s s e s  i n  b i o l o g y .  T h i s  a c h i e v e m e n t  l e a d s  t o  t h e  
n e x t  g r e a t  g o a l  o f  u n d e r s t a n d i n g  t h e  p h y s i o l o g i c a l  r o l e , o f  a  g i v e n  g e n e  a n d  t h e  p r o t e i n s  i t  
c o d e s  f o r ,  a n d  h o w  t h e y  c o l l e c t i v e l y  i n t e r a c t  t o  c a r r y  o u t  c e l l u l a r  p r o c e s s e s ,  i n  p a r t i c u l a r ,  
t o  d e t e r m i n e  w h e n ,  w h e r e ,  a n d  a t  w h a t  c e l l  t y p e ,  a  ( s u b s e t  o f  t h e )  g e n e  i s  e x p r e s s e d .  T o  
d o  t h i s ,  b i o l o g i s t s  u s e  a  t e c h n i q u e  k n o w n  a s  i n  s i t u  h y b r i d i s a t i o n  ( I S H ) ,  t o  c o l l e c t  t h e  
e x p e r i m e n t a l  d a t a ,  w h i c h  c o m b i n e s  m o l e c u l a r  b i o l o g i c a l  t e c h n i q u e s  w i t h  h i s t o l o g i c a l  a n d  
c y t o l o g i c a l  a n a l y s i s  o f  g e n e  e x p r e s s i o n ,  a n d  i s  c a p a b l e  o f  r e v e a l i n g  g e n e  e x p r e s s i o n  i n  
i n d i v i d u a l  c e l l s  w i t h i n  t h e i r  n a t u r a l  t i s s u e  e n v i r o n m e n t .  I S H  o n  s e r i a l  s e c t i o n s  c u t  t h r o u g h  
t h e  t i s s u e  o f  i n t e r e s t ,  w h e n  a p p r o p r i a t e l y  s p a c e d ,  p r o v i d e  t h e  r e q u i r e d  r e s o l u t i o n  a n d  d a t a  
q u a l i t y  [ J i n  9 7 ] .  N o w a d a y s ,  g e n o m e  l a b s  a l l  o v e r  t h e  w o r l d ,  d e s i g n  a n d  p e r f o r m  I S H  
e x p e r i m e n t s  o n  d i f f e r e n t  g r o w t h  a n d  d e v e l o p m e n t  o f  s p e c i e s ,  r a n g i n g  i n  c o m p l e x i t y  f r o m  
i n s e c t s  t o  h u m a n s ,  a n d  g e n e r a t e  v a s t  v o l u m e  o f  g e n e  e x p r e s s i o n  d a t a  [ D u n l  0 8 ] .
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T h e  g o a l  o f  E u r E x p r e s s  p r o j e c t  i s  t o  c a p t u r e  t h e  e x p r e s s i o n  p a t t e r n s  o f  - 2 0 , 0 0 0  g e n e s  
v i a  I S H .  T h e s e  a r e  r e c o r d e d  f r o m  s a g i t t a l  h i s t o l o g i c a l  s e c t i o n s  f r o m  1 4 . 5  d a y s  w i l d  t y p e  
m o u s e  e m b r y o s ,  a n d  r e s u l t  i n  a  d i g i t a l  t r a n s c r i p t o m e  a t l a s .  E a c h  h a s  a  d e t a i l e d  d e s c r i p t i o n  
o f  g e n e  e x p r e s s i o n  p a t t e r n s  i n  t e r m s  o f  t h e  u n d e r l y i n g  a n a t o m y .
G e n e r a t i o n  o f  t h e  g e n e  e x p r e s s i o n  d a t a  i s  c o - o p e r a t i v e l y  p e r f o r m e d  b y  1 1  b i o l o g i c a l  
l a b o r a t o r i e s ,  a c r o s s  6  E u r o p e a n  c o u n t r i e s .  I t  i n v o l v e s  t h r e e  m a i n  p r o c e s s e s :  a )  A  b i o l o g i ­
c a l  l a b o r a t o r y  i n  G e r m a n y  r e s p o n d s  t o  s e l e c t  2 0 K  g e n e s  a n d  c r e a t e  e x p e r i m e n t  p r o t o c o l s  
( s o - c a l l e d  t e m p l a t e s ) ,  a n d  p r o b e s  f o r  t h e  I S H ;  b )  T h e  p r e p a r e d  t e m p l a t e s  a r e  d i s t r i b u t e d  t o  
t h e  p a r t n e r  l a b o r a t o r i e s ,  w h e r e  t h e  h i g h - t h r o u g h p u t  r o b o t s  a u t o m a t e  t h e  I S H  p r o c e s s  a n d  
p r o d u c e  t h e  h i g h  q u a l i t y  g e n e  e x p r e s s i o n  i m a g e s ;  a n d  c )  T h e  g e n e  e x p r e s s i o n  i m a g e s  a r e  
g r o u p e d  b y  g e n e  i n t o  a s s a y s  a n d  s e n t  t o  a  b i o l o g i c a l  l a b o r a t o r y  i n  A l i c a n t e  f o r  a n n o t a t i n g .
T h e  s y s t e m  i n f r a s t r u c t u r e  i s  d e p i c t e d  i n  t h e  F i g u r e  2 . 2 .  A t  i t s  c e n t r e  i s  t h e  G e n e  
E x p r e s s i o n  D a t a  R e p o s i t o r y  ( G E D R )  l o c a t e d  i n  E d i n b u r g h  M e d i c a l  R e s e a r c h  C o u n c i l  
( M R C )  H u m a n  G e n e t i c s  U n i t  ( H G U ) ,  c o n s i s t i n g  o f  t h e  T r a c k i n g  D a t a b a s e  ( T D B )  a n d  
a  f i l e  s y s t e m .  C o m m u n i c a t i o n  c h a n n e l s  a r e  e s t a b l i s h e d  b e t w e e n  t h e  G E D R  a n d  c o m p u ­
t a t i o n a l  c o m p o n e n t s  l o c a t e d  i n  o t h e r  l a b o r a t o r i e s .  A  s p r e a d s h e e t  a p p l i c a t i o n  i s  u s e d  b y  
t h e  e x p e r i m e n t  d e s i g n  t e a m  t o  g e n e r a t e  t h e  t e m p l a t e s  i n  t h e  E x c e l  f i l e  f o r m a t s .  A  L I M S  
s y s t e m  i s  i n s t a l l e d  a t  e a c h  I S H  l a b  t o  c o l l e c t  t h e  e x p e r i m e n t a l  d a t a s e t s  a n d  i m a g e s .  I n  t h e  
E u r E x p r e s s  p r o j e c t ,  e a c h  I S H  e x p e r i m e n t  t y p i c a l l y  g e n e r a t e s  2 4  i m a g e s  o f  e m b r y o  s e c ­
t i o n s ,  - 2 0 0 M B  i n  t o t a l ,  w i t h  t h e  c o r r e s p o n d i n g  m e t a d a t a  i n  X M L  f o r m a t .  T h e  I S H  r e s u l t  
d a t a s e t s  a n d  i m a g e s  a r e  s e n t  t o  t h e  G E D R  t h r o u g h  a n  F T P  c h a n n e l .  T h e  G E D R  c o n v e r t s  
t h e  m e t a d a t a  f r o m  X M L  f i l e s  i n t o  d a t a b a s e  e n t r i e s ;  a n d  t h e  i m a g e s  a r e  p r o c e s s e d  a n d  
s t o r e d  i n  t h e  f i l e  s y s t e m  o f  t h e  G E D R .  E a c h  g e n e  e x p r e s s i o n  i m a g e  i s  a s s i g n e d  a  g l o b a l l y  
u n i q u e  i d e n t i f i e r ,  w i t h  s y n t a x  a s  ‘euxassay_[0~9] *6’. E a c h  m e t a d a t a  e n t r y  i s  a l s o  g i v e n
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a  g l o b a l l y  u n i q u e  i d e n t i f i e r .  T h e  i d e n t i f i e r  o f  a n  i m a g e  a n d  t h e  i d e n t i f i e r  o f  t h e  m e t a d a t a  
a r e  s t o r e d  a s  a  b i n d i n g  i n  t h e  d a t a b a s e .  T h e  F a s t  I m a g e  A n n o t a t i o n  S o f t w a r e  ( F I A T A S )  i s  
u s e d  i n  t h e  A l i c a n t e  l a b  f o r  b i o l o g i s t s  t o  a n n o t a t e  t h e  i m a g e s .  T h e  c o m p l e t e d  a n n o t a t i o n s  
a r e  s t o r e d  i n  a  c o p y  a s  X M L  f i l e s  i n  A l i c a n t e ,  a n d  t r a n s f e r r e d  t o  t h e  G E D R .  T h e  G E D R  
c o n v e r t s  t h e m  i n t o  d a t a b a s e  e n t r i e s .
T h e  e n t i r e  p r o c e s s  s e q u e n c e  o f  t h e  s y s t e m  i s  d e s c r i b e d  i n  F i g u r e  2 . 3 .  W h e n  t h e  t e m ­
p l a t e s  a r e  g e n e r a t e d  ( i n  b a t c h e s ) ,  t h e  G E D R  i s  n o t i f i e d  t o  o p e n  t h e  c h a n n e l  t o  o b t a i n  t h e  
t e m p l a t e  a n d  s t o r e  t h e m  i n  t h e  T D B  ( a l s o  s e e  s t e p  1 i n  F i g u r e  2 . 2 ) ;  T h e  G E D R  t h e n  n o ­
t i f i e s  t h e  p a r t n e r  l a b o r a t o r i e s  t o  a c c e s s  t h e  t e m p l a t e  a n d  s t a r t  t h e  I S H  e x p e r i m e n t s  ( s t e p  2  
i n  F i g u r e  2 . 2 ) ;  T h e  I S H  l a b o r a t o r i e s  s u b m i t  t h e  e x p e r i m e n t  r e s u l t s ,  t h e  g e n e  e x p r e s s i o n  
i m a g e s  a n d  t h e  m e t a d a t a ,  t o  a  s h a r e d  d a t a  p o o l .  W h e n  t h e  d a t a  p o o l  i s  f i l l e d  u p ,  t h e  G E D R  
o p e n s  t h e  c o m m u n i c a t i o n  c h a n n e l  t o  p u l l  t h e  d a t a  i n .  E r r o r  d a t a  u n a b l e  t o  b e  p r o c e s s e d  b y  
t h e  G E D R ,  a r e  r e p o r t e d  b a c k  t o  t h e  o r i g i n a t o r  ( s e e  s t e p  3  i n  F i g u r e  2 . 2 ) .  T h e n ,  t h e  G E D R  
w r a p s  t h e  g e n e - e x p r e s s i o n  i m a g e s  w i t h  n e c e s s a r y  m e t a d a t a  a n d  s e n d s  t h e m  f o r  a n n o t a t i o n  
( s t e p  4  i n  F i g u r e  2 . 2 ) .  T h e  a n n o t a t i o n s  o n c e  c o m p l e t e d  a r e  d e l i v e r e d  t o  t h e  G E D R  v i a  w e b  
s e r v i c e s  a t  r u n  t i m e .  A  m o n i t o r  s e r v i c e  i s  s e t u p  t o  c o n t i n u o u s l y  c a p t u r e  t h e  a b n o r m a l  o p ­
e r a t i o n s  a n d  r e p o r t  t o  t h e  s y s t e m  a d m i n i s t r a t o r  ( s t e p  5  i n  F i g u r e  2 . 2 ) .  T h e  g e n e  e x p r e s s i o n  
d a t a  o n c e  p r e p a r e d  a r e  p u b l i s h e d  t h r o u g h  a  w e b  p o r t a l ,  a n d  t h e  r e s e a r c h  c o m m u n i t y  c a n  
v i e w  t h e  t r a n s c r i p t  a t l a s  i m m e d i a t e l y  ( s t e p  6  i n  F i g u r e  2 . 2 ) .
A f t e r  r u n n i n g  f o r  t w o  y e a r s ,  b y  J u l y  2 0 0 8 ,  t h e  s y s t e m  h a s  c o l l e c t e d  1 9 , 7 1 7  t e m p l a t e  
r e c o r d s ,  1 5 , 4 1 4  a s s a y s  r e c o r d s ,  t o t a l l y  4 T B  g e n e - e x p r e s s i o n  d a t a  i n  s t o r e .  A m o n g  t h e m ,  
1 1 , 8 2 5  a s s a y s  h a v e  b e e n  m a n u a l l y  a n n o t a t e d  b y  t h e  b i o l o g i s t  e x p e r t s .  B y  J u n e  2 0 1 0 ,  t h e  
s y s t e m  c o m p r i s e d  1 8 , 0 0 0  a s s a y s ,  a n d  8 0 %  o f  w h i c h  h a v e  b e e n  a n n o t a t e d  [ H a n  1 1 ] ,
2 . 3 .  O b s e r v a t i o n s  o f  A  B i n d i n g  U s e  C a s e 25
2 . 3 . 2  E m p i r i c a l  A n a l y s i s  o f  E u r E x p r e s s  B i n d i n g s  
D e f i n i t i o n  o f  B i n d i n g s  i n  U s e
I n  t h e  c o n t e x t  o f  t h e  E u r E x p r e s s  s y s t e m ,  t h e  f i l e  s y s t e m  o f  t h e  G E D R  i s  r e g a r d e d  a s  a  d a t a  
S e t ,  D g , w h i c h  s t o r e s  t h e  g e n e  e x p r e s s i o n  i m a g e s ,  d .  R e l a t e d  d e s c r i p t i v e  i n f o r m a t i o n  i s  r e ­
g a r d e d  a s  t h e  m e t a d a t a ,  m ,  o f  a  g e n e  e x p r e s s i o n  i m a g e .  T h i s  i n c l u d e s ,  t h e  t e m p l a t e  r e c o r d ,  
m ,  i n  S e t  M t, t h e  I S H  e x p e r i m e n t  r e c o r d  m e i n  S e t  M c , a n d  t h e  a n n o t a t i o n  m „  i n  S e t  M „ .  
T h e  m e t a d a t a  s e t s ,  M ,,  M e, M a , a r e  s u b m i t t e d  t o  t h e  G E D R  b y  t h e  d i s t r i b u t e d  b i o l o g i c a l  
l a b o r a t o r i e s .  E a c h  b i o l o g i c a l  l a b o r a t o r y  h o l d s  a  l o c a l  c o p y  o f  M ,,  M e, M a , d e n o t e d  a s  M ,  
M e\  M a \  w h i c h  a r e  s t o r e d  i n  l o c a l  f i l e  s y s t e m s .  E a c h  i n d i v i d u a l  a s s o c i a t i o n  o f  { m t , d}, 
{ m e, d}, { m a , d}, { m , \  d}, { m e\  d}, a n d  { m a\  d} i s  d e f i n e d  a s  a  b i n d i n g ,  r e s p e c t i v e l y .
M e t h o d  o f  D a t a  C o l l e c t i o n
T h e  f o l l o w i n g  b i n d i n g  r e l a t i o n s h i p s  a r e  e x a m i n e d :
C a s e  1 :  M e w i t h  D g . T h e  a i m  i s  t o  e x a m i n e  t h e  b i n d i n g  s t a t u s  i n  s i m p l e  m e t a d a t a  a n d  d a t a  
a s s o c i a t i o n  p r o c e s s e s .  E a c h  e n t r y  o f  t h e  m e t a d a t a  d a t a b a s e ,  M e, a n d  t h e  g e n e  e x p r e s s i o n  
i m a g e s  i n  t h e  f i l e  s y s t e m ,  D g , a r e  e x a m i n e d .  T h e y  s h o u l d  e x i s t  i n  m a t c h e d  p a i r s .
C a s e  2 :  M ,,  M e w i t h  D g . T h e  m e t a d a t a  S e t  M , i s  p r o d u c e d  b y  t h e  t e m p l a t e  g e n e r a t i o n  
w h i c h  i s  a  p r e - p r o c e s s  o f  I S H .  T h e  I S H  p r o c e s s  p r o d u c e s  t h e  m e t a d a t a  S e t  M e, a n d  M e 
u s e s  s o m e  i n f o r m a t i o n  f r o m  M ,,  i . e .  t h e  g e n e  s y m b o l s .  T h e  a i m  i s  t o  e x a m i n e  t h e  b i n d i n g  
s t a t u s  w h e n  o n e  p i e c e  o f  m e t a d a t a  i n f o r m a t i o n  i s  t r a n s f e r r e d  f r o m  o n e  p r o c e s s  t o  a n o t h e r .  
T o  d o  t h i s ,  t h e  o v e r l a p p e d  i n f o r m a t i o n ,  t h e  g e n e  s y m b o l s ,  a r e  s e p a r a t e d  f r o m ,  M ,,  a n d  
M e, a n d  t h e  c o n t e n t s  o f  t h e m  a r e  c o m p a r e d .  T h e  i n f o r m a t i o n  f r o m  t h e  t w o  s e t s  s h o u l d  b e  
e x a c t l y  t h e  s a m e .
C a s e  3 :  M a, M a ’ w i t h  D g . T h i s  c a s e  a i m s  t o  e x a m i n e  t h e  b i n d i n g  s t a t u s  w h e n  m e t a d a t a  e x ­
i s t  i n  m u l t i p l e  c o p i e s  a n d  i n  d i f f e r e n t  c o m p u t a t i o n a l  f o r m s .  M a i s  t h e  a n n o t a t i o n  s e t  s t o r e d  
i n  t h e  d a t a b a s e  o f  t h e  G E D R ,  a n d  M a ’  i s  t h e  s a m e  a n n o t a t i o n  i n f o r m a t i o n  s t o r e d  i n  t h e  f i l e  
s y s t e m  i n  t h e  A l i c a n t e  l a b .  E n t r i e s  i n  b o t h  c o p i e s  a r e  c o m p a r e d ,  a n d  t h e  r e l a t i o n s h i p s  o f  
M a , w i t h  D g , a r e  e x a m i n e d ,  r e s p e c t i v e l y .
A n a l y s i s  R e s u l t s
R e s u l t s  f o r  C a s e  1 .  R e c a l l  t h a t  t h e  I S H - g e n e r a t e d  g e n e  e x p r e s s i o n  d a t a ,  i m a g e s  a n d  t h e i r  
m e t a d a t a ,  w e r e  g r o u p e d  b y  g e n e  i n t o  ‘ a s s a y s ’ , a n d  d e l i v e r e d  t o  t h e  G E D R .  T h e  G E D R  
s t o r e s  t h e  i m a g e s  i n  t h e  f i l e  s y s t e m ,  a n d  i n s e r t s  t h e  i m a g e  m e t a d a t a  i n t o  t h e  d a t a b a s e  
t a b l e .  H o w e v e r ,  t h e  s i m u l t a n e o u s l y  p r o c e s s e d  i n f o r m a t i o n  p a i r s  a r e  f o u n d  t o  b e  d i f f e r e n t  
i n  n u m b e r .  G r a p h  ( a )  i n  t h e  F i g u r e  2 . 4  s h o w s  t h e  c u m u l a t i v e  n u m b e r s  o f  t h e  m i s m a t c h e d  
p a i r s  -  i m a g e s  w i t h o u t  m e t a d a t a  a n d  m e t a d a t a  w i t h o u t  i m a g e s .  T h e  x - a x i s  p r e s e n t s  t h e  
n u m b e r s  o f  a s s a y s .  T h e  y - a x i s  p r e s e n t s  t h e  c u m u l a t i v e  n u m b e r s  o f  m i s m a t c h e s .  A m o n g
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Figure 2.4: Analysis Results for Case 1 and Case 2 of EurExpress
t h e  f i r s t  2 0 0 0  a s s a y s ,  a  t o t a l  o f  3 1 5  m i s m a t c h e s  w e r e  d e t e c t e d .  D i g g i n g  f o r  t h e  r e a s o n ,  i t  
w a s  d i s c o v e r e d  t h a t  t h e  I S H  q u a l i t y  c h e c k i n g  h a s  b e e n  c a r r i e d  o u t  a f t e r  t h e  g e n e  e x p r e s s i o n  
d a t a  h a d  b e e n  s t o r e d .  I t  d e t e c t e d  w r o n g l y  g e n e r a t e d  o r  l o w  q u a l i t y  o f  i m a g e s .  M o s t  o f  t h e  
m i s s i n g  m e t a d a t a  w e r e  o f  t h o s e  d i s q u a l i f i e d  i m a g e s .  T h e y  h a v e  b e e n  m a n u a l l y  d e l e t e d  
f r o m  t h e  d a t a b a s e ,  b u t  ( f o r  s o m e  r e a s o n )  t h o s e  d i s q u a l i f i e d  i m a g e s  h a v e  n o t  b e e n  r e m o v e d  
f r o m  t h e  f i l e  s y s t e m .  ( A  p l a u s i b l e  e x p l a n a t i o n :  i t  m i g h t  d u e  t o  t h e  p r o j e c t  p o l i c y  t h a t  
t h e  I S H  i m a g e  g e n e r a t i o n  w e r e  t o o  e x p e n s i v e .  T h o u g h  f a u l t y ,  t h e  i m a g e s  m i g h t  b e c o m e  
u s e f u l  l a t e r . )  T h e  r e a s o n  t h a t  t h e  m e t a d a t a  e x i s t  b u t  n o t  t h e  i m a g e s ,  h o w e v e r ,  r e m a i n s  
u n k n o w n .
A f t e r  t h e  j u m p  a t  2 0 0 0 ,  t h e s e  e r r o r s  l e v e l  o f f .  T h i s  a p p e a r s  t o  b e  d u e  t o  t h e  c h a n g e  
o f  d a t a  m a n a g e m e n t  p o l i c y .  T h e  m e t a d a t a  o f  t h e  f a u l t y  i m a g e s  w e r e  n o  l o n g e r  d e l e t e d  
f r o m  t h e  d a t a b a s e ,  o n l y  m a r k e d  a s  i n v a l i d  b y  u s i n g  a  f l a g  v a l u e .  T h e  f i g u r e s  r e f l e c t  t h e  
i m p r o v e m e n t  o f  t h e  i n f o r m a t i o n  c o n s i s t e n c y .  O n  t h e  o t h e r  h a n d ,  t h e  l a c k  o f  a n  e x p l i c i t  
b i n d i n g  t h a t  c a n  b e  i n t e r r o g a t e d  e a s i l y  m e a n s  t h a t  t h e r e  i s  a  p o t e n t i a l  h a z a r d  i f  a u t o m a t e d  
p r o c e s s e s  a r e  a p p l i e d  t o  t h e  s e t  o f  a s s a y  d i r e c t o r i e s  o r  t o  t h e  i m a g e  f i l e s  -  d a t a  a l r e a d y  
k n o w n  a s  b e i n g  o f  i n a d e q u a t e  q u a l i t y  m i g h t  e a s i l y  b e  i n c l u d e d  i n  t h e  p r o c e s s  a n d  m i g h t  
d e l e t e r i o u s l y  a f f e c t  t h e  q u a l i t y  o f  t h e  d e r i v e d  d a t a .
R e s u l t s  f o r  C a s e  2 .  G r a p h  ( b )  o f  F i g u r e  2 . 4  s h o w s  t h e  r e s u l t s  o f  t h e  i n v e s t i g a t i o n  o f  C a s e
2 .  T h e  x - a x i s  r e f e r s  t o  t h e  n u m b e r s  o f  a s s a y s .  T h e  y - a x i s  r e f e r s  t o  t h e  c u m u l a t i v e  n u m b e r s  
o f  m i s m a t c h e d  g e n e  s y m b o l s .
I n  t o t a l ,  1 . 7 6 %  g e n e  s y m b o l s  u s e d  i n  I S H  d o  n o t  m a t c h  w i t h  t h e  s a m e  i n f o r m a t i o n  
i n  t h e  d e s i g n  t e m p l a t e s .  I t  i s  d i f f i c u l t  t o  d e t e r m i n e  t o  w h i c h  g e n e  t h e  e x p r e s s i o n  s t a i n  
g e n e r a t e d  b y  t h e  I S H  r e l a t e d .  T h e  r e a s o n  f o r  t h i s  w a s  t h a t  t h e  u p d a t e s  o f  t h e  t e m p l a t e
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(a) The numbers of annotations in the file system but not (b) The numbers of annotations in the database
in the database (seriesl), the numbers of duplicated an- but not in the file system
notation files (series2), and the numbers of invalid anno­
tation files (series3)
i n f o r m a t i o n  w e r e  n o t  r e f l e c t e d  t h e  i n f o r m a t i o n  u s e d  i n  t h e  l a t e r  p r o c e s s .  L a c k i n g  s y s t e m ­
a t i c  m a n a g e m e n t ,  t h e  u p d a t e s  c o u l d  n o t  b e  p r o p a g a t e d  a u t o m a t i c a l l y .  T h i s  r e s u l t s  i n  a n  
a m o u n t  o f  m i s m a t c h e d  i n f o r m a t i o n .
A n o t h e r  o b s e r v a t i o n  i s  t h a t  t h e  n u m b e r  o f  e r r o n e o u s  m a t c h i n g  o c c u r r e n c e s  g r o w s  l i n ­
e a r l y  w i t h  t h e  n u m b e r s  o f  a s s a y s ,  a n d  d o e s  n o t  l e v e l  o f f .  T h i s  s h o w s  t h e  i n f o r m a t i o n  
r e l a t e d  v i a  t h e  t e m p l a t e  d e s i g n  t e n d s  t o  b e  c h a n g e d  o f t e n ,  a n d  i s  d i f f i c u l t  t o  m a k e  s t a b l e .  
C o n s e q u e n t l y ,  t h e r e  w i l l  a l w a y s  b e  a  p r o p o r t i o n  o f  i n c o r r e c t  m a t c h e s  u n l e s s  t h e  m a n a g e ­
m e n t  o f  t h e s e  b i n d i n g s  i s  i m p r o v e d  t o  e n a b l e  b e t t e r  a u t o m a t i o n .
R e s u l t s  f o r  C a s e  3 .  ( 1 )  R e c a l l  t h e  a n n o t a t i o n  o f  g e n e  e x p r e s s i o n  i m a g e s  w a s  p e r f o r m e d  a t  
o n e  o f  t h e  p a r t n e r  l a b o r a t o r i e s  a t  A l i c a n t e .  T h e  b i o l o g i s t s  u s e  t h e  F I A T A S  t o  a n n o t a t e  t h e  
i m a g e s ,  w h i c h  s e n d s  t h e  c o m p l e t e d  a n n o t a t i o n s  t o  t h e  G E D R ,  a n d  s t o r e s  a  l o c a l  c o p y  i n  
X M L  f o r m a t .  G r a p h  ( a )  o f  F i g u r e  2 . 5  i l l u s t r a t e s  t h a t  t h e  n u m b e r s  o f  a n n o t a t i o n  X M L  f i l e s  
i n  A l i c a n t e ’ s  s e r v e r  t h a t  d o  n o t  m a t c h  t h e  n u m b e r s  o f  a n n o t a t i o n  r e c o r d s  i n  t h e  G E D R .  
( T h e  x - a x i s  r e f e r s  t o  t h e  n u m b e r s  o f  a n n o t a t i o n s .  T h e  y - a x i s  r e f e r s  t o  t h e  n u m b e r s  o f  t h e  
i n c o n s i s t e n t  a n n o t a t i o n s .  T h e  n u m b e r s  o f  t h e  i n c o n s i s t e n t  a n n o t a t i o n s  a r e  c a l c u l a t e d  i n  
e a c h  b a t c h  o f  1 0 0 0  e n t r i e s . )  I n  t h e  G r a p h  ( a ) :
•  S e r i e s  1 s h o w s  t h e  n u m b e r s  o f  a n n o t a t i o n  X M L  f i l e s  e x i s t i n g  i n  t h e  A l i c a n t e ’ s  f i l e  
s y s t e m  b u t  n o t  i n  t h e  G E D R .
•  S e r i e s  2  s h o w s  t h e  n u m b e r s  o f  d u p l i c a t e d  a n n o t a t i o n  X M L  f i l e s  ( i n  d i f f e r e n t  f o l d -
•  S e r i e s  3  s h o w s  t h e  n u m b e r s  o f  i n v a l i d  a n n o t a t i o n  X M L  f i l e s  r e l a t e d  t o  t h e  d e l e t e d
Figure 2.5: Analysis Results for Case 3 of EurExpress
e r s ) .
a s s a y s .
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T h e  s u m  o f  t h e  t h r e e  v a l u e s  g i v e s  t h e  t o t a l  n u m b e r  o f  d i s c r e p a n c i e s  b e t w e e n  t h e  a n ­
n o t a t i o n  X M L  f i l e s  a n d  t h e  d a t a b a s e  r e c o r d s  f o r  e a c h  b a t c h  o f  1 0 0 0  e n t r i e s .  I n  t h e  2 0 0 0  
t o  2 9 9 9  r a n g e  t h i s  a m o u n t s  t o  a  4 5 %  e r r o r  r a t e ,  w h i c h  w i l l  i n e v i t a b l e  a f f e c t  t h e  f i d e l i t y  o f  
d e r i v e d  i n f o r m a t i o n  a n d  t h e  c o m p l e x i t y  o f  s u b s e q u e n t  p r o c e s s i n g .  A n a l y s i n g  t h e  r e a s o n s ,  
i t  m i g h t  d u e  t o  t h e  n e t w o r k  c o n n e c t i o n  f a i l u r e s  d u r i n g  t h e  t r a n s p o r t a t i o n  ( i n  t h e  c a s e  o f  
S e r i e s  1 ) ;  m i g h t  d u e  t o  d i s a g r e e m e n t  o r  r e d o n e  a n n o t a t i o n  w o r k  ( i n  t h e  c a s e  o f  S e r i e s  2 ) ;  
o r  d u e  t o  h u m a n  m i s t a k e s  ( i n  t h e  c a s e  o f  S e r i e s  3 ) .
( 2 )  G r a p h  ( b )  o f  F i g u r e  2 . 5  s h o w s  t h e  n u m b e r s  o f  a n n o t a t i o n  i n f o r m a t i o n  p r e s e n t  i n  
t h e  d a t a b a s e  o f  t h e  G E D R  b u t  a b s e n t  f r o m  t h e  f i l e  s y s t e m  a t  A l i c a n t e .  T h e  s a m e  a s  G r a p h  
( a ) ,  t h e  x - a x i s  r e f e r s  t o  t h e  n u m b e r s  o f  a n n o t a t i o n s .  T h e  y - a x i s  r e f e r s  t o  t h e  n u m b e r s  o f  t h e  
i n c o n s i s t e n t  a n n o t a t i o n s ,  w h i c h  a r e  c a l c u l a t e d  i n  e a c h  b a t c h  o f  1 0 0 0  e n t r i e s .  T h e  r e a s o n  
o f  t h e  i n c o n s i s t e n c y  r e m a i n s  u n k n o w n .  F r o m  t h e  g r a p h  i t  c a n  b e  o b s e r v e d ,  t h i s  r a n d o m  
b e h a v i o u r  i s  u n c o r r e l a t e d  w i t h  e n t r y  n u m b e r ,  i . e . ,  t h e  l e n g t h  o f  t i m e  t h e  p r o j e c t  h a s  b e e n  
u n d e r w a y  a n d  t h e  m a t u r i t y  o f  t h e  s o f t w a r e  a n d  o p e r a t i o n a l  p r o c e d u r e s .  T h i s  s u g g e s t s  t h a t  
t h e s e  f o r m s  o f  f a i l u r e  c a n n o t  b e  e l i m i n a t e d  s i m p l y  b y  i m p r o v i n g  t h e  s y s t e m  -  h y p o t h e s i s e  
i s  t h a t  t h e y  a r e  i n t r i n s i c  t o  m u l t i - p a r t y ,  m u l t i - s i t e  b i n d i n g  c r e a t i o n  a n d  m a i n t e n a n c e .
2 . 3 . 3  C o n c l u s i o n
B i n d i n g s  a r e  v u l n e r a b l e  t o  f a i l u r e s  i n  t h e  p r o c e s s e s  t h a t  c r e a t e  a n d  m a i n t a i n  t h e m ,  a n d  t o  
f a i l u r e s  i n  t h e  s y s t e m s  t h a t  s t o r e  t h e i r  r e p r e s e n t a t i o n s .  T h e  f a i l u r e  o f  t h e  b i n d i n g s  m a y  
s e r i o u s l y  i m p a c t  o n  d a t a  r e t r i e v a l  i n  a  n u m b e r  o f  w a y s ,  f o r  e x a m p l e :
•  I t  e f f e c t s  t h e  p r e c i s i o n  a n d  r e c a l l  o f  d a t a  o b j e c t s  i n  r e s p o n s e  t o  a  q u e r y  o n  t h e  m e t a ­
d a t a ;  R e l e v a n t  d a t a  m a y  b e  o v e r l o o k e d ,  o n  t h e  o t h e r  h a n d ,  i r r e l e v a n t  d a t a  m a y  b e  
r e t u r n e d ;  D a t a  r e t r i e v a l  m a y  r e t u r n  m u l t i p l e  p o i n t e r s  t o  t h e  s a m e  d a t a ;
•  D a t a  i n t e r p r e t a t i o n  -  t h e  u n i t s ,  e x p e r i m e n t a l  p r o t o c o l  a n d  o t h e r  c o n t e x t u a l  e l e m e n t s  
m a y  b e  m i s s i n g  o r  i n  e r r o r ;  a n d
•  M a y  c a u s e  t h e  w r o n g  i n f o r m a t i o n  c o m b i n a t i o n  i n  p r o v e n a n c e  o r  a u t h o r i t y .
W i t h o u t  e f f i c i e n t  m a n a g e m e n t ,  t h e  i n f o r m a t i o n  i n c o n s i s t e n c y  w i l l  g r o w  a n d  p r o p a g a t e  
w i d e l y ,  s u b s e q u e n t l y ,  t h e  e x p e n s i v e l y  g e n e r a t e d  d a t a  w i l l  l o s e  t h e i r  v a l u e  q u i c k l y ,  a n d  t h e  
a n a l y s i s  a n d  r e s e a r c h  b a s e d  o n  t h e m  w i l l  b e  u n t r u s t w o r t h y .
2 . 3 . 4  D i s c u s s i o n
I n  a d d i t i o n  t o  t h e  p r o b l e m s  d e t e c t e d  i n  t h e  E u r E x p r e s s  s y s t e m ,  o t h e r  t y p e s  o f  i n c o n s i s t e n c y  
a r e  i d e n t i f i e d  t h r o u g h  a  l i t e r a t u r e  s u r v e y  a n d  e x p e r i e n c e .  T h e y  c a n  b e  g r o u p e d  i n t o  f i v e  
c a t e g o r i e s :
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I n c o n s i s t e n c y  i n  I d e n t i f y i n g  a n d  R e c o g n i s i n g  t h e  D a t a  O b j e c t s .  D a t a  o b j e c t s  a n d  d a t a  
r e s o u r c e s  ( t h e  v a r i e t y  o f  d a t a )  a r e  c h o s e n  b y  a n d  s u p p l i e d  b y  e n d  u s e r s .  T h e s e  d a t a  i t e m s  
n e e d  t o  b e  i d e n t i f i e d  a n d  r e c o g n i s e d  b y  a  c o n s u m i n g  s y s t e m .  I n t e r n a l l y ,  t h e r e  m a y  b e  
c o m p u t a t i o n a l  i d e n t i f i e r s  d e f i n e d  b y  t h e  s y s t e m ,  s u c h  a s  f u l l  p a t h  n a m e s  i n  f i l e  s y s t e m s .  
E x t e r n a l l y ,  t h e  u s e r s  m a y  u s e  a  s h o r t  f o r m  a s s u m i n g  c o n t e x t  o r  s o m e  o t h e r  i d e n t i f i e r  e s ­
t a b l i s h e d  b y  t h e i r  o p e r a t i o n a l  p r a c t i c e s .  A  r e l i a b l e  b i - d i r e c t i o n a l  m a p p i n g  i s  r e q u i r e d  b e ­
t w e e n  t h e s e  t w o  f o r m s  o f  i d e n t i f i c a t i o n .  P r o b l e m s  a r i s e  w h e n  t h i s  b i - d i r e c t i o n a l  m a p p i n g  
d e v e l o p s  f a i l u r e s ,  s u c h  a s :  n o n - u n i q u e n e s s  o f  e x t e r n a l  i d e n t i t i e s ;  t h e  l o s s  o f  a n  i n t e r n a l  
i d e n t i f i e r  ( a n d  p e r h a p s  i t s  i d e n t i f i e d  d a t a  i t e m )  t h o u g h  t h e  e x t e r n a l  i d e n t i f i e r  i s  i n  u s e ;  t h e  
l o s s  o f  a n  e x t e r n a l  i d e n t i f i e r  c o r r e s p o n d i n g  t o  a n  i n t e r n a l  i d e n t i f i e r  ( a n d  d a t a  i t e m ) .
I n c o n s i s t e n c y  i n  m a p p i n g  t h e  m e t a d a t a  t o  t h e  d a t a  i t e m s .  T h a t  i s ,  t h e  b i n d i n g  h a s  b e e n  
a s s i g n e d  t o  t h e  w r o n g  d a t a  i t e m s .  T h e  C a s e  1 i n v e s t i g a t i o n  i n  t h e  E u r E x p r e s s  d e s c r i b e d  
a b o v e  f a l l s  i n t o  t h i s  c a t e g o r y .
I n c o n s i s t e n c y  i n  t h e  d i m e n s i o n  o f  t i m e .  D u r i n g  t h e i r  l i f e t i m e  i n  t h e  s y s t e m ,  t h e  d a t a  a n d  
m e t a d a t a  c a n  b e  m o d i f i e d  o r  t r a n s f e r r e d  f r o m  o n e  f o r m  t o  a n o t h e r  f o r m .  C o n s e q u e n t l y ,  
d i f f e r e n t  v e r s i o n s  c o e x i s t  i n  d i f f e r e n t  p r o c e s s e s  c a u s i n g  c o n f u s i o n  [ A i t k  0 8 ,  A i t k  0 7 a ,  
A i t k  0 7 b ] .  S t r a t e g i e s  s h o u l d  b e  i n t r o d u c e d  t o  p r o p a g a t e  t h e  u p d a t e s  i n  b o t h  u p  a n d  d o w n  
d i r e c t i o n s  a l o n g  t h e  p r o c e s s  c h a i n ,  a n d  a l l o w  t r a c k i n g  o f  t h e  c h a n g e s  t o  t h e  d i g i t a l  o b j e c t s .  
T h r e e  s u b - c l a s s e s  c a n  b e  f u r t h e r  d i s c r i m i n a t e d  i n  t h i s  c a t e g o r y :
•  M u t a t i o n  o f  t h e  d a t a  a n d  m e t a d a t a  v a l u e s .  T h a t  i s ,  u p d a t i n g  t o  e i t h e r  t h e  s t o r e d  d a t a  
o b j e c t  o r  t h e  s t o r e d  m e t a d a t a  v a l u e s  o r  t o  t h e  b i n d i n g ’ s  r e p r e s e n t a t i o n .
•  C h a n g e s  i n  t h e  r e p r e s e n t a t i o n  ( f o r m a t  o r  e n c o d i n g )  o f  t h e  v a l u e s .  T h i s  i s  c o m m o n  
a s  i m p r o v e d  e n g i n e e r i n g  d e l i v e r s  b e t t e r  r e p r e s e n t a t i o n s  o r  a s  s t a n d a r d s  a r e  a d o p t e d  
o r  r e v i s e d .
•  C h a n g e s  i n  t h e  s t r u c t u r e  ( t y p e s  a n d  s c h e m a t a ) ,  w h i c h  o f t e n  r e f l e c t s  a d v a n c e s  i n  
u n d e r s t a n d i n g  b y  t h e  t e a m s  o r g a n i s i n g  c o m p o n e n t s  o f  t h e  s y s t e m .  T h e s e  c h a n g e s  
a r e  c o n t i n u o u s  a n d  f u n d a m e n t a l .  N o  a m o u n t  o f  i n v e s t m e n t  i n  a g r e e m e n t s  w i l l  s t o p  
t h e m .  T h e y  r e f l e c t  t h e  p r o g r e s s  t h a t  t h e  r e s e a r c h  ( a n d  t h e  t e c h n o l o g y  t h a t  s u p p o r t s  
i t )  i s  a c h i e v i n g .
I n c o n s i s t e n c y  i n  t h e  d i m e n s i o n  o f  s p a c e .  O f t e n ,  m a n y  c o p i e s  o f  d a t a  a n d  m e t a d a t a  
i t e m s  c o e x i s t ,  w i t h  t h e  r e p l i c a t i o n s  d i s t r i b u t e d  o v e r  d i f f e r e n t  s i t e s ,  s e r v e r s  a n d  i n  d i f f e r ­
e n t  t y p e s  o f  s t o r a g e  s y s t e m .  M u c h  r e s e a r c h  h a s  b e e n  c o n d u c t e d  i n  t h i s  a r e a ,  i . e .  v a r i o u s  
r e p l i c a t i o n  s e r v i c e s  a r e  p r o v i d e d  b y  t h e  G r i d  a p p l i c a t i o n s  [ K u n s  0 3 ,  C h e r  0 5 ,  N i c h  0 6 ,  
L a m e  0 2 ,  C i g i  0 5 ,  B e l l  0 2 ,  L i m i  0 5 ,  C h e n  0 7 ] ,  a n d  t h e  r e l a t i o n a l  d a t a b a s e  r e p l i c a t i o n  a p ­
p r o a c h e s  p r o v i d e d  b y  O r a c l e  [ G a r m  0 3 ] ,  S y b a s e  [ C l i f  9 5 ] ,  D B 2  [ G u  0 2 ,  C i c c  0 4 ] ,  M y S Q L
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[ Z a w o  0 4 ] ,  M i c r o s o f t  S Q L  S e r v e r  [ S h a r  0 2 ] .  H o w e v e r ,  o p e n  q u e s t i o n s  r e m a i n  i n  t h e  c o n ­
t e x t  o f  s c i e n t i f i c  d a t a - m e t a d a t a ,  i n c l u d i n g :
•  A r e  s p e c i a l ,  e f f i c i e n t  a l g o r i t h m s  a n d  r e p r e s e n t a t i o n s  a v a i l a b l e  f o r  h a n d l i n g  t h e  r e p l i ­
c a t i o n  o f  t h e  s e t  o f  d a t a - m e t a d a t a  b i n d i n g s ?
•  D o e s  t h e  u s e  o f  d i s t r i b u t e d  r e p l i c a t i o n  f o r  t h e  d a t a  o b j e c t s  h a v e  t o  u s e  l o g i c a l  n a m i n g  
i f  t h e y  a r e  r e p r e s e n t e d  a s  r e f e r e n c e s  i n  t h e  s y s t e m .  I s  a  s p e c i a l  f o r m  o f  l o g i c a l  
n a m i n g  a p p r o p r i a t e ?
•  D o e s  t h e  u s e  o f  d i s t r i b u t e d  r e p l i c a t i o n  f o r  m e t a d a t a  w a r r a n t  a n y  s p e c i a l  t r e a t m e n t ?
•  T h e r e  a r e  a l r e a d y  g o o d  d i s t r i b u t e d  t r a n s a c t i o n  a l g o r i t h m s .  C o u l d  t h e y  b e  a p p l i e d ,  
e s p e c i a l l y ,  w h e n  s o m e  o f  t h e  s i t e s  a r e  n o t  p r e p a r e d  t o  m a k e  c h a n g e s  t o  t h e i r  s y s ­
t e m s ?  a n d
•  A r e  t h e r e  a f f o r d a b l e  a n d  p r a c t i c a l  w a y s  o f  i n t r o d u c i n g  r e d u n d a n t  v a l u e s ,  c . f .  c h e c k ­
s u m s  a n d  d i g i t a l  s i g n a t u r e s ,  t o  s u p p o r t  b i n d i n g - e r r o r  d e t e c t i o n ?
I n c o n s i s t e n c y  i n  s e m a n t i c s  a n d  s y n t a x e s .  P e o p l e  d e s c r i b e  t h i n g s  d i f f e r e n t l y ,  u s i n g  
d i f f e r e n t  t e r m s  a n d  f o r m a t s .  A  s i n g l e  c o n c e p t  m a y  b e  i n t e r p r e t e d  d i f f e r e n t l y  w h e n  t h e  
d e f i n i t i o n  o r  d e s c r i p t i o n  a r e  a m b i g u o u s ,  i . e . ,  t h e  f o l l o w i n g  p r o b l e m s  a r e  d e t e c t e d :
•  D a t e ,  e . g . ,  i n  t h e  E u r E x p r e s s  s y s t e m ,  d a t e  e x p r e s s i o n  s u c h  a s  ‘ 0 8 / 0 4 / 0 5 ’  w e r e  d i f f i ­
c u l t  t o  i n t e r p r e t ,  w h i c h  c o u l d  b e  e i t h e r  ‘ 0 8 / A p r / 2 0 0 5 \  ‘A u g / 0 4 / 2 0 0 5 ’ , o r  ‘ 2 0 0 8 / A p r  
/05’;
•  U n i t ,  e . g . ,  t h e  f a i l u r e  o f  t h e  M a r s  C l i m a t e  O r b i t e r  o n  2 3 r d  S e p t e m b e r  1 9 9 9  w a s  
c a u s e d  b y  t h e  p r o g r a m  w r o n g l y  i n t e r p r e t i n g  t h e  t h r u s t  r e q u i r e m e n t  i n s t r u c t i o n s  i n  
p o u n d s  f o r c e  -  t h e  S I  ‘ m e t r i c ’  u n i t ,  w h i c h  s h o u l d  b e  i n  N e w t o n s  ( o n e  p o u n d  f o r c e  
i s  a p p r o x i m a t e l y  e q u a l  t o  4 . 4 5  n e w t o n s ) .  T h i s  r e s u l t e d  i n  t h e  p r o b e  i n s e r t e d  a t  a  
m e r e  5 7  k i l o m e t r e s  a l t i t u d e  i n s t e a d  o f  1 5 0  k i l o m e t r e s ,  a n d  b u r n e d  u p  i n  t h e  M a r t i a n  
a t m o s p h e r e  [ O b e r  9 9 ] .
•  P r i c e ,  t h i s  i s  d i s t i n g u i s h e d  f r o m  t h e  ‘ u n i t ’  h e r e ,  s i n c e  t h e  ‘ p r i c e s ’  p r o b l e m  i s  a  
s p e c i a l  c a s e  a r i s i n g  w i t h i n  t h e  f i n a n c i a l  d a t a b a s e s  a n d  t h e i r  ( w e b )  a p p l i c a t i o n s ,  i . e . ,  
i n  s o m e  w e b  a p p l i c a t i o n s ,  t h e  u s e r s  f r o m  d i f f e r e n t  c o u n t r i e s  i n p u t  t h e  f i n a n c i a l  d a t a  
b a s e d  o n  t h e i r  o w n  l i v i n g  c o n t e x t ,  w h i c h  r e s u l t s  i n  t h e  p r i c e  o f  t h e  p r o d u c t  i n  t h e  
d a t a b a s e  t a b l e  b e i n g  m i x e d  u p  w i t h  p o u n d s ,  d o l l a r s ,  a n d  e u r o s  .
•  O t h e r  ty p e s  o f  a m b ig u i t y ,  e . g . ,  i n  t h e  E u r E x p r e s s  s y s t e m ,  t h e  g e n e  e x p r e s s i o n  i m a g e  
‘ s e t ’  h a s  b e e n  i n t e r p r e t e d  a s  ‘ t h e  t o t a l  s e t ’ , ‘ t h e  s e t  N o . ’ , ‘ t h e  s e t  I d ’  i n  d i f f e r e n t  
b i o l o g i c a l  l a b s .
T h e s e  5  c a t e g o r i e s  o f  i n c o n s i s t e n c y  p r o b l e m s  a r e  v e r y  h a r d  t o  r e s o l v e .  S o m e  o f  t h e m  
r e m a i n  a s  o p e n  q u e s t i o n s  f o r  f u t u r e  w o r k .  H o w e v e r ,  a n  e a s i l y  u s e d  b i n d i n g  f r a m e w o r k
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s h o u l d  a m e l i o r a t e  m a n y  o f  t h e s e  d i f f i c u l t i e s  a n d  p r o v i d e  a  p l a t f o r m  o n  w h i c h  t o  b u i l d  
m o r e  c o m p l e t e  s o l u t i o n s .
2 . 4  B i n d i n g  S c e n a r i o s
H a v i n g  i l l u s t r a t e d  t h e  i m p o r t a n c e  o f  e x p l i c i t  b i n d i n g  m a n a g e m e n t ,  t h i s  s e c t i o n  p r o v i d e s  
c h a r a c t e r i s t i c  b i n d i n g  s c e n a r i o s  w h i c h ,  i n  e s s e n c e ,  a r e  t h e  s i m p l e  s k e t c h e s  o f  t h e  a p p l i c a ­
t i o n s  d i s c u s s e d  a b o v e :
B i n d i n g  S c e n a r i o  1 :  A  r e s e a r c h e r  i s  c r e a t i n g  f i l e s  a n d  a s s o c i a t i n g  a  f e w  t a g s  t o  e a c h  t h a t  
m a y  b e  u s e d  l a t e r  t o  s e l e c t  f i l e s  f o r  s o m e  t a s k .
B i n d i n g  S c e n a r i o  2 :  T h e  r e s e a r c h e r  h a s  c o l l e c t e d  a  l a r g e  n u m b e r  o f  d i r e c t o r i e s  o f  f i l e s  
w i t h  t h e i r  m e t a d a t a  p o o r l y  e n c o d e d  i n  t h e i r  n a m e s .  N o w  h e  w a n t s  t o  u s e  t h e  b i n d i n g  s t o r e  
t o  r e o r g a n i s e  a c c e s s  i n d e p e n d e n t  f r o m  d i r e c t o r y  t r e e s  a n d  t o  a c c e s s  r e l e v a n t  s u b s e t s .
B i n d i n g  S c e n a r i o  3 :  T h e  r e s e a r c h e r  w a n t s  t o  u s e  f i l e s  o f  t h e i r  o w n  a s  i n  S c e n a r i o  1 o r  
S c e n a r i o  2  p l u s  f i l e s  i n  a  r e f e r e n c e  r e p o s i t o r y  a n d  s e l e c t  s u b s e t s  f r o m  t h e  c o m b i n a t i o n .
B i n d i n g  S c e n a r i o  4 :  T h e  r e s e a r c h e r  h a s  d o n e  S c e n a r i o  1 ,  S c e n a r i o  2  a n d  S c e n a r i o  3 ,  n o w  
w a n t s  t o  s h a r e  s o m e  ( o r  a l l )  o f  h i s  d a t a  w i t h  h i s  c o l l a b o r a t o r s .
B i n d i n g  S c e n a r i o  5 :  A  g r o u p  o f  c o l l a b o r a t o r s  w a n t  t o  s h a r e  d e s c r i p t i o n s  i n c l u d i n g  r e f e r ­
e n c e d  d a t a .
B i n d i n g  S c e n a r i o  6 :  A n y  t h e  a b o v e  b u t  t h e  r e f e r e n c e d  d a t a  a r e  s u b s e t s  o f  t h e  d a t a  i n  a  
d a t a b a s e  o r  p a r t s  o f  o n e  o r  m o r e  f i l e s .
B i n d i n g  S c e n a r i o  7 :  T h e  c o l l a b o r a t o r s  h a v e  b u i l t  a  v a l u a b l e  c o l l e c t i o n  o f  b i n d i n g s  o f  d a t a  
a n d  m e t a d a t a ,  a n d  n o w  w a n t  t o  m a k e  t h a t  p u b l i c  f o r  o t h e r  r e s e a r c h e r s .
T h e  s e v e n  s c e n a r i o s  s t a r t i n g  f r o m  s i m p l e  a n d  b a s i c  r e q u i r e m e n t s ,  i n c r e m e n t a l l y  b u i l d  u p  
t h e  c o m p l e x i t y  f o r  t h e  d e s i g n  o f  b i n d i n g  s y s t e m s .  K e e p  t h e s e  p i c t u r e s  i n  m i n d ,  l a t e r  
c h a p t e r s  w i l l  r e v i e w  t h e m  i n  n u m e r o u s  o c c a s i o n s .
2 . 5  S u m m a r y
T h i s  c h a p t e r  h a s  i n v e s t i g a t e d  t h e  b i n d i n g  r e l a t e d  i s s u e s .  T h e  u n d e r s t a n d i n g s  w e r e  g a i n e d  
t h r o u g h  t h r e e  s t e p s  o f  o b s e r v a t i o n s :  t h e  o b s e r v a t i o n s  o f  s c i e n t i f i c  d a t a  a n d  m e t a d a t a  p h e ­
n o m e n a ,  t h e  o b s e r v a t i o n s  o f  s c i e n t i f i c  m e t a d a t a - c e n t r i c  a p p l i c a t i o n s ,  a n d  t h e  o b s e r v a t i o n s  
o f  s e l e c t e d  u s e  c a s e .  T h e  c h a l l e n g e s  f o r  m a n a g i n g  b i n d i n g  h a v e  b e e n  i d e n t i f i e d ,  w h i c h  
w i l l  b e  f u r t h e r  e x p l o r e d  i n  l a t e r  c h a p t e r s .  T h e  n e x t  c h a p t e r  d i s c u s s e s  r e l a t e d  w o r k .
C h a p t e r  3
R e l a t e d  W o r k
T h i s  c h a p t e r  p r e s e n t s  a  r e v i e w  o f  o t h e r  r e s e a r c h  r e l a t e d  t o  t h i s  t h e s i s ,  a n d  a n  i n t r o d u c t i o n  
o f  t e c h n o l o g i e s  u s e d  i n  d e s i g n  a n d  b u i l d i n g  t h e  b i n d i n g  s y s t e m .  T h e  f i r s t  s e c t i o n  p r o v i d e s  
a  s u r v e y  o n  e x i s t i n g  b i n d i n g  m a n a g e m e n t  a p p r o a c h e s .  S e c t i o n  3 . 2  l o o k s  a t  d a t a - r e f e r e n c e  
m o d e l s .  S e c t i o n  3 . 3  i n t r o d u c e s  t a g g i n g  a n d  C l o u d  t e c h n o l o g y ,  a n d  h o w  r e s e a r c h e r s  h a v e  
e x p l o r e d  t h e s e  a r e a s .  F i n a l l y  s e c t i o n  3 . 4  s u m m a r i s e s  t h i s  c h a p t e r .
3 . 1  B i n d i n g  M a n a g e m e n t  A p p r o a c h e s
T h e  b i n d i n g  c l a s s i f i c a t i o n  f r a m e w o r k  g i v e n  i n  C h a p t e r  2  h a s  d i s t i n g u i s h e d  t w o  b i n d i n g  
m a n a g e m e n t  a p p r o a c h e s :  ( 1 )  t h e  d e p e n d e n t  b i n d i n g  m a n a g e m e n t  w h e r e  b i n d i n g s  a r e  i n  
t h e  f o r m  o f  a s s o c i a t i o n s  o f  v a l u e s ,  a n d  t h e  d i s t r i b u t e d  m e t a d a t a  ( a n d  d a t a )  a r e  c o p i e d  
a n d  h o s t e d  t o g e t h e r ;  a n d  ( 2 )  t h e  in d e p e n d e n t  b i n d i n g  m a n a g e m e n t  w h e r e  b i n d i n g s  a r e  i n  
t h e  f o r m  o f  a s s o c i a t i o n s  o f  r e f e r e n c e s ,  a n d  m e t a d a t a  a n d  d a t a  a r e  m a n a g e d  t h r o u g h  t h o s e  
r e f e r e n c e s .  S o m e  s y s t e m s  h a v e  b e e n  m e n t i o n e d  a s  e x a m p l e s .  T h i s  s e c t i o n  l o o k s  a t  t h e  
d e t a i l s  o f  t h e  s a m p l e  s y s t e m s  p l u s  s o m e  o t h e r  c o m p a r a b l e  s y s t e m s .  T h e  a i m  i s  t o  e x p o s e  
h o w  b i n d i n g s  a r e  m a n a g e d  a n d  t o  e x a m i n e  t h e  d a t a  s t r u c t u r e s  a n d  b e h a v i o u r a l  o p e r a t i o n s .
F i v e  r e p r e s e n t a t i v e  d e p e n d e n t  b i n d i n g  m a n a g e m e n t  s y s t e m s  a n d  o n e  in d e p e n d e n t  b i n d ­
i n g  m a n a g e m e n t  s y s t e m  a r e  s e l e c t e d .  A m o n g  t h e  d e p e n d e n t  b i n d i n g  m a n a g e m e n t  s y s ­
t e m s ,  ( 1 )  M C A T  i s  a  m e t a d a t a  c a t a l o g u e  d e s i g n e d  f o r  D a t a  G r i d s 1 ; ( 2 )  U D D I  i s  a  w e b  
s e r v i c e  r e g i s t r y  s t a n d a r d 2 ; ( 3 )  F e t a  i s  a  w e b  s e r v i c e  r e g i s t r y  d e s i g n e d  f o r  a  s p e c i a l  d o m a i n  
o f  s c i e n c e ;  ( 4 )  B I R N  i s  a  S e m a n t i c  G r i d 3 s y s t e m  d e s i g n e d  f o r  i n t e g r a t i n g  a  v a r i e t y  o f
*Data Grids are Grid systems which focus on enabling the creation of shared collections from data dis­
tributed across administrative domains, and support data intensive applications [Moor 08a]. Example systems 
include, SRB, iRODS and SHAMAN.
2After initial popularity UDDI has largely been abandoned. We introduce UDDI approach here to give an 
example of early practices in metadata management.
Semantic Grids are Grid systems which focus on reasoning of attributes inferred from logical relation­
ships between semantic terms [Moor 08a], Example systems include BIRN, GEON, NEON, SEEK,and 
caBIG.
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b i o m e d i c a l  d a t a  r e s o u r c e s  a n d  a p p l i c a t i o n s ;  a n d  ( 5 )  g L i t e  A M G A  i s  a  g e n e r i c  m e t a d a t a  
s e r v i c e  d e s i g n e d  t o  s e r v e  d i f f e r e n t  t y p e s  o f  ( G r i d )  a p p l i c a t i o n s .  I n  c o n t r a s t ,  O n t o G r i d  i s  
o n e  o f  f e w  s y s t e m s  i m p l e m e n t i n g  a n  in d e p e n d e n t  b i n d i n g  m a n a g e m e n t  a p p r o a c h .
3 . 1 . 1  A  S i m p l e  M e t a d a t a  C a t a l o g u e  A p p r o a c h  -  M C A T
S t o r a g e  R e s o u r c e  B r o k e r  ( S R B )  s y s t e m 4 , d e v e l o p e d  b y  R e a g a n  M o o r e ’ s 5 t e a m  a t  t h e  S a n  
D i e g o  S u p e r c o m p u t e r  C e n t r e ,  i s  a  D a t a  G r i d  m i d d l e w a r e  t h a t  p r o v i d e s  a  u n i f o r m  i n t e r f a c e  
t o  a c c e s s  h e t e r o g e n e o u s  d i s t r i b u t e d  s t o r a g e  r e s o u r c e s ,  s u c h  a s  f i l e  s y s t e m s ,  d a t a b a s e  s y s ­
t e m s  a n d  a r c h i v a l  s t o r a g e  s y s t e m s  [ M o o r  0 6 ] .  M C A T  i s  S R B ’ s  m e t a d a t a  c a t a l o g u e ,  w h i c h  
k e e p s  t r a c k  o f  n a m e s p a c e s  a n d  m a p p i n g s  o f  d a t a  o b j e c t s  t o  s t o r a g e  r e s o u r c e s  w i t h i n  a  
f e d e r a t i o n .
D a t a  S t r u c t u r e
M C A T  s t o r e s  t h e  i n f o r m a t i o n  o f  t h e  p h y s i c a l  l o c a t i o n  o f  a  g i v e n  d a t a  o b j e c t ,  f i l e  a t t r i b u t e s ,  
m e t a d a t a  ( m a i n l y  r e s o u r c e  l o c a t i o n s  a n d  t y p e s ) ,  a c c e s s  c o n t r o l  l i s t s ,  s t o r a g e  r e s o u r c e  i n ­
f o r m a t i o n ,  a n d  u s e r  d a t a .  I n t e r n a l l y ,  M C A T  h a n d l e s  t h r e e  l e v e l s  o f  m e t a d a t a  [ R a j a  0 2 a ] :
( 1 )  D i g i t a l  o b j e c t  m e t a d a t a ,  w h i c h  i s  c r e a t e d  f o r  e v e r y  d a t a  c o l l e c t i o n  f o r  s u p p o r t i n g  i n ­
f o r m a t i o n  d i s c o v e r y ;  ( 2 )  S y s t e m - l e v e l  m e t a d a t a ,  w h i c h  i s  u s e d  t o  p r o v i d e  l o c a t i o n  t r a n s ­
p a r e n c y ,  a c c e s s  t r a n s p a r e n c y  a n d  p r o t o c o l  t r a n s p a r e n c y ;  a n d  ( 3 )  S c h e m a - l e v e l  m e t a d a t a ,  
w h i c h  i s  u s e d  t o  f e d e r a t e  d a t a  c o l l e c t i o n s  a n d  t o  m i g r a t e  t h e  c o l l e c t i o n  t o  a  n e w  t e c h n o l ­
o g y .  A m o n g  t h e m  t h e  s c h e m a - l e v e l  m e t a d a t a  k e e p s  a l l  o f  t h e  a t t r i b u t e s  t h a t  a r e  d e f i n e d ,  
i n c l u d i n g  ( i )  L o g i c a l  S t r u c t u r e ,  w h i c h  i s  u s e d  f o r  a c c o m m o d a t i n g  r e g i s t e r e d  m e t a d a t a ;  ( i i )  
A t t r i b u t e  C l u s t e r s ,  w h i c h  a r e  t h e  o n t o l o g y  f o r  t h e  t e r m s  i n  t h e  a t t r i b u t e  d o m a i n ;  ( i i i )  T o ­
k e n  A t t r i b u t e s ,  w h i c h  a r e  u s e d  t o  c a p t u r e  s i m p l e  s e m a n t i c  i n f o r m a t i o n ;  a n d  ( i v )  L i n k a g e s ,  
w h i c h  a r e  t h e  b i n d i n g s ,  a n d  u s e d  f o r  i n t e r o p e r a t i n g  w i t h i n  a n d  b e t w e e n  s c h e m a .  E x t e r ­
n a l l y ,  M C A T  d e f i n e s  a n  i n t e r f a c e  p r o t o c o l ,  w h i c h  u s e s  a  s p e c i a l  d a t a  s t r u c t u r e ,  t h e  M e t a ­
d a t a  A t t r i b u t e  P r e s e n t a t i o n  S t r u c t u r e  ( M A P S ) ,  t o  p r o v i d e  a  u n i f o r m  s t r u c t u r e  f o r  c o m m u ­
n i c a t i n g  b e t w e e n  M C A T  s e r v e r s  a n d  u s e r  a p p l i c a t i o n s  [ R a j a  0 2 a ] ,
M C A T  i s  i m p l e m e n t e d  w i t h i n  t h e  S R B  i n f r a s t r u c t u r e .  S R B  p r e s e n t s  c l i e n t s  w i t h  a  
l o g i c a l  v i e w  o f  d a t a  s e t s  s t o r e d  i n  t h e  S R B .  E a c h  d a t a  s e t  s t o r e d  i n  S R B  h a s  a  l o g i c a l  
n a m e .  T h e  p h y s i c a l  l o c a t i o n  o f  t h e  d a t a  s e t  i s  m a p p e d  t o  t h e  l o g i c a l  n a m e .  T h e  a c t u a l  d a t a  
o f  a  d a t a  s e t  b e l o n g i n g  t o  t h e  s a m e  c o l l e c t i o n  m a y  p h y s i c a l l y  r e s i d e  i n  d i f f e r e n t  s t o r a g e  
s y s t e m s .  T h e  m a p p i n g ,  i n  o t h e r  w o r d s ,  t h e  b i n d i n g ,  i s  s t o r e d  a s  t h e  m e t a d a t a  a s s o c i a t e d  
w i t h  t h e  d a t a  s e t  i n  t h e  M C A T  [ M o o r  0 6 ,  R a j a  0 3 ] ,
4SRB: http://www.sdsc.edu/srb/index.php/MainJPage
5Reagan with some of his team has moved to the East Coast in North Carolina (RENCI) and had a new 
technology, iRODs, with many of SRB’s properties. iRODS will be introduced in section 3.2.
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B e h a v i o u r a l  O p e r a t i o n s
M C A T  u s e s  a  q u e r y  g e n e r a t o r  t o  a c c e s s  i n t e r n a l  a n d  e x t e r n a l  m e t a d a t a  c a t a l o g u e s .  I t  s u p ­
p o r t s  S Q L  q u e r i e s  f o r  t h e  r e l a t i o n a l  d a t a b a s e  c a t a l o g u e ,  a n d  L D A P - s p e c i f i c  q u e r i e s  f o r  t h e  
L D A P  c a t a l o g u e .  M C A T  d e f i n e s  f o u r  S Q L - s y n t a x - s t y l e  d a t a  s t r u c t u r e s  f o r  q u e r y i n g  a n d  
r e t r i e v i n g  m e t a d a t a ,  a n d  t h e y  a r e :  M A P S _ Q u e r y _ S t r u c t  ( u s e d  i n  q u e r y i n g  t h e  m e t a  c a t a ­
l o g u e ) ,  M A P S _ R e s u l t _ S t r u c t  ( f o r  t r a n s f e r r i n g  r e s u l t s  f r o m  t h e  c a t a l o g u e ) ,  M A P S _ U p d a t e _  
S t r u c t  ( f o r  i n g e s t i n g  a n d  m o d i f y i n g  m e t a  i n f o r m a t i o n  i n  t h e  m e t a  c a t a l o g u e ) ,  a n d  M A P S _  
D e f i n i t i o n _ S t r u c t  ( f o r  d e f i n i n g  a n d  e x c h a n g i n g  m e t a  i n f o r m a t i o n  s c h e m a t a )  [ M C A T  1 0 ]  
S R B / M C A T  p r o v i d e s  a n  i n t e g r a t i o n  s o l u t i o n  b y  i m p l e m e n t i n g  t h e  l o g i c a l  n a m e  s p a c e  
a n d  m a n a g i n g  t h e  b i n d i n g s  o f  l o g i c a l  n a m e  a n d  p h y s i c a l  a t t r i b u t e s ,  t h e r e f o r e  t h e  c h a n g e s  
o f  r e s o u r c e s  w o u l d  n o t  i m p a c t  o n  m a n a g i n g  i d e n t i t y  a n d  i n t e g r i t y  m e t a d a t a  [ M o o r  0 6 ] .  
H o w e v e r  t h e  M C A T  b i n d i n g s ,  e i t h e r  t h e  a s s o c i a t i o n s  o f  d a t a  a n d  m e t a d a t a  o r  t h e  m a p ­
p i n g s  o f  l o g i c a l  n a m e  a n d  s t o r a g e  r e s o u r c e s ,  a r e  n o t  s e p a r a t e l y  m a i n t a i n e d  r a t h e r  s t o r e d  
a n d  m a n i p u l a t e d  t o g e t h e r  w i t h  t h e  M C A T  m e t a d a t a .  T h i s  i s  p o t e n t i a l l y  p r o b l e m a t i c ,  i . e . ,  
w h e n  m e t a d a t a  i s  i n a c c e s s i b l e ,  b i n d i n g  i n f o r m a t i o n  w i l l  b e  i n a c c e s s i b l e .  M o r e o v e r ,  t h e  
r e p r e s e n t a t i o n s  o f  M C A T  b i n d i n g s  a r e  s p e c i f i e d  t o  a s s o c i a t e  d a t a  a n d  m e t a d a t a  w i t h i n  
S R B  s y s t e m s ,  a n d  i n a p p l i c a b l e  t o  a  b r o a d e r  c o m p u t a t i o n a l  c o n t e x t .  N e x t ,  w e  l o o k  a t  a n  
a p p r o a c h  t h a t  c a n  a s s o c i a t e  e x t e r n a l  d a t a  a n d  m e t a d a t a .
3 . 1 . 2  A  W e b  S e r v i c e  R e g i s t r y  A p p r o a c h  -  U D D I
U n i v e r s a l  D e s c r i p t i o n ,  D i s c o v e r y ,  a n d  I n t e g r a t i o n  ( U D D I ) 6 , a  W 3 C  r e c o m m e n d e d  w e b  
s e r v i c e s  r e g i s t r y  s t a n d a r d ,  d e f i n e s  a  W e b - b a s e d  d i s t r i b u t e d  d i r e c t o r y  m e c h a n i s m  t h a t  e n ­
a b l e s  a  w i d e  r a n g e  o f  b u s i n e s s e s  t o  l i s t  t h e m s e l v e s  o n  t h e  I n t e r n e t  a n d  d i s c o v e r  e a c h  o t h e r .
D a t a  S t r u c t u r e
U D D I  d e f i n e s  f o u r  d a t a  e n t i t i e s  [ O A S I 0 4 ] :  ( i )  b u s i n e s s E n t i t y  w h i c h  s t o r e s  c o n t a c t  
i n f o r m a t i o n  a b o u t  t h e  o r g a n i s a t i o n  t h a t  p u b l i s h e d  t h e  s e r v i c e ;  ( i i )  b u s i n e s s S e r v i c e  
w h i c h  s t o r e s  t h e  d e s c r i p t i o n  o f  a  s e r v i c e ’ s  b u s i n e s s  f u n c t i o n ;  ( i i i )  b i n d i n g T e m p l a t e  
w h i c h  s t o r e s  t h e  s e r v i c e ’ s  t e c h n i c a l  d e t a i l s ,  i n c l u d i n g  a  r e f e r e n c e  t o  t h e  s e r v i c e ’ s  p r o g r a m ­
m a t i c  i n t e r f a c e  o r  A P I ,  a n d  ( i v )  t M o d e l  w h i c h  s t o r e s  v a r i o u s  o t h e r  a t t r i b u t e s  o r  m e t a d a t a  
s u c h  a s  t a x o m o n y ,  t r a n s p o r t  p r o t o c o l s ,  a n d  d i g i t a l  s i g n a t u r e s .  T h e  U D D I  d a t a  m o d e l  c a n  
b e  r e g a r d e d  a s  a  b i n d i n g  r e p r e s e n t a t i o n  w h i c h  a s s o c i a t e s  t h e  c o n t e n t s  o f  s e r v i c e  m e t a ­
d a t a  ( b u s i n e s s E n t i t y ,  b u s i n e s s S e r v i c e ,  a n d  t M o d e l )  w i t h  t h e  r e f e r e n c e  o f  s e r v i c e  
( b i n d i n g T e m p l a t e ) .
U D D I  d a t a  m o d e l  p r e s e n t s  a  h i e r a r c h i c a l  s t r u c t u r e .  A  b u s i n e s s E n t i t y  e l e m e n t  c o n ­
t a i n s  a  b u s i n e s s  S e r v i c e s  e l e m e n t  w h i c h  i s  a  c o n t a i n e r  f o r  b u s i n e s s S e r v i c e  e l e m e n t s ;
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a  b u s i n e s s S e r v i c e  e l e m e n t  c o n t a i n s  a  b i n d i n g T e m p l a t e s  e l e m e n t ,  w h i c h  i s  a  c o n ­
t a i n e r  f o r  b i n d i n g T e m p l a t e  e l e m e n t s .  T h e  b i n d i n g T e m p l a t e  e n t r i e s  p o i n t  t o  t M o d e l  
e n t r i e s  [ O A S I  0 4 ] .
U D D I  p r o v i d e s  a  c l a s s i f i c a t i o n  m e c h a n i s m  w h i c h  i s  b a s e d  o n  t h r e e  p r e d e f i n e d  t a x o ­
n o m i c  c a t e g o r i s a t i o n  a n d  c l a s s i f i c a t i o n  s c h e m e s  [ O A S I  0 4 ] :  ( 1 )  t h e  N o r t h  A m e r i c a n  I n ­
d u s t r y  C l a s s i f i c a t i o n  S y s t e m  ( N A I C S )  f o r  c l a s s i f y i n g  b u s i n e s s e s  b y  i n d u s t r y ;  ( 2 )  t h e  U n i ­
v e r s a l  S t a n d a r d  P r o d u c t s  a n d  S e r v i c e s  C l a s s i f i c a t i o n  ( U N S P S C )  f o r  p r o d u c t  a n d  s e r v i c e  
c l a s s i f i c a t i o n s ,  a n d  ( 3 )  I S O  3 1 6 6  s t a n d a r d  f o r  g e o g r a p h i c  l o c a t i o n  c l a s s i f i c a t i o n s .  W h e n  
t h e y  r e g i s t e r ,  b u s i n e s s e s  a r e  r e q u e s t e d  t o  p r o v i d e  t h e  r e l e v a n t  c l a s s i f i c a t i o n  i n f o r m a t i o n  
w h i c h  a r e  s t o r e d  i n  t M o d e l  [ O A S I  0 4 ] ,
B e h a v i o u r a l  O p e r a t i o n s
U D D I  d e f i n e s  t w o  t y p e s  o f  o p e r a t i o n s :  ( 1 )  t h e  P u b l i c a t i o n  A P I s  w h i c h  a r e  u s e d  f o r  a u ­
t h e n t i c a t i o n  ( i n c l u d i n g  g e t _ a u t h T o k e n ,  d i s c a r d _ a u t h T o k e n ) ;  a n d  ( 2 )  t h e  I n q u i r y  A P I s  
w h i c h  a r e  u s e d  f o r  q u e r y  a n d  m a n i p u l a t i o n ,  i n c l u d i n g  f i n d  o p e r a t i o n s  ( f  i n d J o u s i n e s s ,  
f i n d . s e r v i c e ,  f i n d J o i n d i n g ,  f i n d . t M o d e l ) ,  g e t  o p e r a t i o n s  ( g e t J a u s i n e s s D e t a i l ,  
g e t _  s e r v i c e D e t a i l ,  g e t  J o i n d i n g D e t a i l ,  g e t _ t M o d e l D e t a i l ) ,  s a v e  o p e r a t i o n s  ( s a v e ,  
b u s i n e s s ,  s a v e _ s e r v i c e ,  s a v e - b i n d i n g ,  s a v e _ t M o d e l ) ,  a n d  d e le te  o p e r a t i o n s  ( d e l e t e ,  
b u s i n e s s ,  d e l e t e . s e r v i c e ,  d e l e t e J o i n d i n g ,  d e l e t e _ t M o d e l )  [ O A S I  0 4 ] ,
U D D I  i s  m a i n l y  d e s i g n e d  f o r  b u s i n e s s  d o m a i n  a p p l i c a t i o n s ,  w h e n  s e r v i n g  s c i e n t i f i c  
d o m a i n  a p p l i c a t i o n s ,  t h e  h i e r a r c h i c a l  d a t a  s t r u c t u r e  i s  i n e f f e c t i v e  t o  s u p p o r t  s c a l a b i l i t y  
a n d  s e m a n t i c  d i v e r s i t y .  T h e s e  i s s u e s  h a v e  b e e n  i n d i c a t e d  a n d  a d d r e s s e d  b y  o t h e r  r e s e a r c h ,  
s u c h  a s  F e t a .
3 . 1 . 3  A  S e m a n t i c  W e b  S e r v i c e  R e g i s t r y  A p p r o a c h  -  F e t a
m>,G r i d  i s  a  l a r g e  U K  e - S c i e n c e  p i l o t  p r o j e c t  p r o v i d i n g  o p e n  s o u r c e  h i g h - l e v e l  G r i d  m i d ­
d l e w a r e  t o  e n a b l e  a  v i r t u a l  w o r k b e n c h  f o r  d a t a - i n t e n s i v e  b i o i n f o r m a t i c s  [ G o b i  0 3 ] ,  O n e  o f  
' " ^ G r i d ’ s  k e y  p r o d u c t s ,  T a v e m a 7 , p r o v i d e s  a  w o r k f l o w  t o o l  e n a b l i n g  s c i e n t i s t s  t o  o r c h e s ­
t r a t e  b i o i n f o r m a t i c s  w e b  s e r v i c e  a n d  e x i s t i n g  b i o i n f o r m a t i c s  a p p l i c a t i o n s  i n  w o r k f l o w s  
[ O i n n  0 4 ] .  F e t a 8 i s  T a v e m a ’ s  f i r s t  s e r v i c e  r e g i s t r y  a n d  p r o v i d e s  s e m a n t i c  d i s c o v e r y  s e r ­
v i c e  w i t h i n  t h e  c o n t e x t  o f  m;vG r i d .
D a t a  S t r u c t u r e
B i n d i n g  r e p r e s e n t a t i o n  i n  F e t a  i s  d e f i n e d  b y  t h e  " ^ G r i d  d a t a  m o d e l  w h i c h  i n c l u d e s  t h r e e  
m a i n  e n t i t i e s :  s e r v i c e ,  o p e r a t i o n ,  a n d  p a r a m e t e r  [ L o r d  0 5 ] .
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T h e  s e r v i c e  e n t i t y  e n c a p s u l a t e s  i n f o r m a t i o n  r e l a t i n g  t o  p u b l i c a t i o n ,  i n c l u d i n g  t h e  
p r o v i d e r  o r g a n i s a t i o n  n a m e ,  t h e  a u t h o r  o f  t h e  s e r v i c e  d e s c r i p t i o n ,  a n d  a  f r e e - t e x t  d e s c r i p ­
t i o n  o f  t h e  f u n c t i o n a l i t y .
A t t r i b u t e s  o f  o p e r a t i o n  i n c l u d e :  t h e  t a s k  b e i n g  p e r f o r m e d  b y  t h e  o p e r a t i o n ;  t h e  
m e t h o d  b e i n g  u s e d ;  t h e  a p p l i c a t i o n  t o  w h i c h  t h e  s e r v i c e  b e l o n g s ;  a n d  t h e  r e s o u r c e  t h a t  
t h e  s e r v i c e  u s e s .
T h e  i n p u t s  a n d  o u t p u t s  o f  a n  o p e r a t i o n  a r e  m o d e l l e d  t h r o u g h  t h e  p a r a m e t e r  e n t i t y ,  
w h o s e  a t t r i b u t e s  i n c l u d e :  s e m a n t i c  t y p e  ( d e s c r i b i n g  t h e  d o m a i n  s p e c i f i c  d a t a  t y p e ) ;  f o r m a t  
( d e s c r i b i n g  t h e  r e p r e s e n t a t i o n  o f  t h e  d a t a ) ;  c o l l e c t i o n  t y p e  a n d  c o l l e c t i o n  f o r m a t  ( u s e d  
w h e n  s e r v i c e s  r e t u r n  a  s e t  o f  r e s u l t s ) ;  a n d  c o n f i g u r a t i o n  p a r a m e t e r  ( e . g . ,  w h e t h e r  i t  i s  t h e  
‘ m a i n ’  i n p u t ) .
B e h a v i o u r a l  O p e r a t i o n s
F e t a  c o n s i s t s  o f  f o u r  k e y  c o m p o n e n t s  [ L o r d  0 5 ] :
( 1 )  S e m a n t ic  A n n o t a t io n .  T h e  d e t a i l e d  s e r v i c e  d e s c r i p t i o n  i s  s t o r e d  i n  t h e  s e c o n d a r y  
p u b l i s h i n g  s t a g e ,  f r o m  w h i c h  F e t a  g a t h e r s  t h e  a b s t r a c t  i n f o r m a t i o n  ( t h e  s e r v i c e  
n a m e ,  t h e  n a m e s  a n d  n u m b e r  o f  s e r v i c e  o p e r a t i o n s ,  a n d  t h e  n a m e s  a n d  n u m b e r  
o f  o p e r a t i o n  p a r a m e t e r s )  i n t o  a n  X M L  d o c u m e n t  c o n f o r m i n g  t o  t h e  i n t e r n a l  d a t a  
m o d e l ;  O p e r a t i o n s  o f  m a n u a l  a n n o t a t i o n  a r e  p r o v i d e d  w h i c h  a l l o w  c o n v e r t i n g  t h e  
f u l l  s e r v i c e  d e s c r i p t i o n  ( i n  i t s  o r i g i n a l  f o r m )  i n t o  t h e  i n t e r n a l  d a t a  m o d e l  ( u s i n g  
m y G r i d  d e f i n e d  o n t o l o g y ) .  ' " ' ’G r i d  u s e s  a  s u i t e  o f  o n t o l o g i e s  ( e x p r e s s e d  i n  D A M L + O I L )  
t o  p r o v i d e  s e r v i c e  c l a s s i f i c a t i o n s ,  a n d  a  v o c a b u l a r y  f o r  e x p r e s s i n g  s e r v i c e  d e s c r i p ­
t i o n s ;
( 2 )  S e r v ic e  P u b l ic a t io n .  T h e  p u b l i c a t i o n  o p e r a t i o n s  a l l o w  s e r v i c e s  t o  b e  p u b l i s h e d  i n  a  
U D D I  r e g i s t r y ;  a n d
( 3 )  Q u e r y  a n d  S e r v ic e  D is c o v e r y .  T h e  o p e r a t i o n s  s u p p o r t  3  t y p e s  o f  q u e r y  [ L o r d  0 5 ] :  
a )  q u e r i e s  o f  s e r v i c e / r e s o u r c e ’ s  p r o p e r t i e s  d e s c r i b e d  b y  t h e  p u b l i s h e r ,  s u c h  a s  i t s  
o w n e r s h i p ,  l o c a t i o n ,  o r  a c c e s s i b i l i t y .  S u c h  a  q u e r y  c a n  u s e  U D D I  t e c h n o l o g y ;  b )  
q u e r i e s  o f  o p i n i o n ,  o b s e r v a b l e  b e h a v i o u r  o r  p r e v i o u s  u s a g e  b y  t h i r d  p a r t i e s  ( u s e r s ,  
d o m a i n  e x p e r t s ,  o r g a n i s a t i o n a l  a d m i n i s t r a t o r s ) ,  s u c h  a  q u e r y  c a n  b e  p e r f o r m e d  a s  
a n  R D F  q u e r y  u p o n  D A M L - S  p r o f i l e ;  a n d  c )  q u e r i e s  o f  p r o p e r t i e s  e x p r e s s e d  u s i n g  
c o n c e p t s  f r o m  a  d o m a i n  s p e c i f i c  o n t o l o g y .
F e t a  u s e s  a n  o n t o l o g y  o n  t o p  o f  U D D I  t o  d e a l  w i t h  t h e  s e m a n t i c  d i v e r s i t y  o f  b i o i n f o r ­
m a t i c s  s e r v i c e s  a n d  a p p l i c a t i o n s .  H o w e v e r ,  m a n y  s y s t e m  e n t i t i e s  o f  U D D I  s e e m  i r r e l e ­
v a n t  a n d  r e d u n d a n t ,  a n d  t h e  s e r v i c e  a n n o t a t i o n  a n d  d i s c o v e r y  p r o c e s s e s  s e e m  i n e f f i c i e n t .
I n  J u n e  2 0 0 9 ,  '" - '’ G r i d  r e l e a s e d  a  n e w  b i o i n f o r m a t i c s  w e b  s e r v i c e  r e g i s t r y  k n o w n  a s  B i o -
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C a t a l o g u e 9 . T h e  m a j o r  i m p r o v e m e n t s  o f  B i o C a t a l o g u e  i n c l u d e :  t o  m a k e  u s e  o f  W e b 2 . 0  
t e c h n o l o g y ,  i n  p a r t i c u l a r ,  t h e  t a g g i n g  a p p r o a c h  t o  e a s e  t h e  s e r v i c e  a n n o t a t i o n  a n d  d i s c o v ­
e r y ;  a n d  t o  i m p l e m e n t  a  m o n i t o r i n g  m e c h a n i s m  t o  r e p o r t  t h e  r e l i a b i l i t y  a n d  s t a b i l i t y  o f  
w e b  s e r v i c e s  r e g i s t e r e d  [ B h a g  1 0 ] .  T h e s e  f e a t u r e s  a r e  v e r y  c l o s e  t o  t h o s e  p r o v i d e d  b y  t h e  
b i n d i n g  s e r v i c e  p r o p o s e d  b y  t h i s  w o r k ,  y e t ,  i n  a  s p e c i f i c  d o m a i n  a p p l i c a t i o n  c o n t e x t .
3 . 1 . 4  A n  O n t o l o g y - b a s e d  I n t e g r a t i o n  A p p r o a c h  -  B I R N
W h i l e  F e t a  c o m b i n e s  U D D I  a n d  o n t o l o g y  a p p r o a c h e s ,  t h e  B i o m e d i c a l  I n f o r m a t i c s  R e ­
s e a r c h  N e t w o r k  ( B I R N ) 10 i m p l e m e n t s  a  p u r e  o n t o l o g y - b a s e d  i n t e g r a t i o n  a p p r o a c h .  B I R N  
i s  a n  i n i t i a t i v e  w i t h i n  t h e  N a t i o n a l  I n s t i t u t e s  o f  H e a l t h  t h a t  f o s t e r s  l a r g e - s c a l e  c o l l a b o r a ­
t i o n s  i n  b i o m e d i c a l  s c i e n c e  b y  u t i l i s i n g  t h e  c a p a b i l i t i e s  o f  t h e  G r i d  i n f r a s t r u c t u r e .  E a c h  
p a r t i c i p a t i n g  i n s t i t u t i o n  m a i n t a i n s  a  d a t a b a s e  o f  t h e i r  e x p e r i m e n t a l  o r  c o m p u t a t i o n a l l y  d e ­
r i v e d  d a t a ,  a n d  t h e  d a t a  i n t e g r a t i o n  s y s t e m  p e r f o r m s  s e m a n t i c  i n t e g r a t i o n  o v e r  t h e  d a t a b a s e  
t o  e n a b l e  r e s e a r c h e r s  t o  p e r f o r m  a n a l y s e s  b a s e d  o n  l a r g e r  a n d  b r o a d e r  d a t a s e t s  [ A s t a  0 6 ] ,
D a t a  S t r u c t u r e
T h e  c o r e  c o m p o n e n t  o f  t h e  B I R N  i n f r a s t r u c t u r e  i s  t h e  i n t e g r a t i o n  e n g i n e  ‘ m e d i a t o r ’ , w h i c h  
u s e s  a n  o n t o l o g y - b a s e d  l e x i c o n ,  B I R N L e x ,  t o  c o m b i n e s  m u l t i p l e  d a t a b a s e s  ( e a c h  w i t h  a  
u n i q u e  s c h e m a )  i n t o  a n  a c c e s s i b l e  f o r m a t  o r  d a t a  f e d e r a t i o n .  B I R N L e x  r e u s e s  r e l e v a n t  t e r ­
m i n o l o g i e s ,  t a x o n o m i e s  a n d  o n t o l o g i e s  w h e n  t h e y  e x i s t ,  o r  e x t e n d s  t h e m  w h e n  n e c e s s a r y .  
B I R N  i n f r a s t r u c t u r e  c o n s i d e r s  t h e  f e d e r a t e d  b i o l o g i c a l  d a t a  i n  a  v a r i e t y  o f  r e p r e s e n t a t i o n s  
( d a t a b a s e ,  i m a g e  f i l e s ,  s i m u l a t i o n  f i l e s ,  a n d  f l a t  t e x t  f i l e s ) .  B i n d i n g s  i n  B I R N  c r e a t e d  b y  t h e  
‘ m e d i a t o r ’ , a r e  t h e  a s s o c i a t i o n s  o f  t h e  B I R N L e x  t e r m s  w i t h  b r a i n - a t l a s  s p a t i a l  r e f e r e n c e s  
a n d  r e f e r e n c e s  c o r r e s p o n d i n g  t o  d a t a  r e s o u r c e s .
B e h a v i o u r a l  O p e r a t i o n s
B I R N  d a t a  r e s o u r c e s  a r e  d e l i v e r e d  t o  t h e  e n d  u s e r s  b y  t h e  ‘ m e d i a t o r ’  [ E l l i  0 3 ] ,  w h i c h  ( i )  
c r e a t e s  a  d a t a b a s e  a t  e a c h  s i t e ,  ( i i )  c r e a t e s  c o n c e p t u a l  l i n k s  t o  t h e  s h a r e d  o n t o l o g y ,  ( i i i )  
s i t u a t e s  t h e  d a t a  i n  a  c o m m o n  s p a t i a l  f r a m e w o r k ,  a n d  ( i v )  u s e s  t h e  m e d i a t o r  t o  n a v i g a t e  
a n d  q u e r y  a c r o s s  d a t a  s o u r c e s  [ A s t a  0 5 ] ,
T h e r e  a r e  m a n y  o t h e r  s i m i l a r  p r o j e c t s  i n  d i f f e r e n t  d o m a i n s ,  k n o w n  a s  t h e  S e m a n t i c  
G r i d  s y s t e m s ,  e . g . ,  c a B I G 1 1 , G E O N 1 2 , a n d  S E E K 1 3 . T h e s e  s y s t e m s  a r e  t y p i c a l l y  b u i l t  
o n  t o p  o f  t h e  G r i d  i n f r a s t r u c t u r e ,  a n d  u s e  o n t o l o g i e s  a s  t h e  m a j o r  i n t e g r a t i o n  s t r a t e g y  






3 . 1 .  B i n d i n g  M a n a g e m e n t  A p p r o a c h e s 39
a n d  e x p e n s i v e ,  a n d  s o m e  i m p l e m e n t a t i o n s  a r e  b e g i n n i n g  t o  p r a c t i s e  m o r e  s i m p l e  a n d  u s e -  
f r i e n d l y  a p p r o a c h e s  s u c h  a s  u s i n g  t a g g i n g ,  f o r  e x a m p l e ,  a s  B i o C a t a l o g u e  a n d  A M G A  d o .
3 . 1 . 5  A  T a g - b a s e d  M e t a d a t a  C a t a l o g u e  A p p r o a c h  -  g L i t e  A M G A
A M G A  M e t a d a t a  C a t a l o g u e  i s  p a r t  o f  t h e  g L i t e 14 s o f t w a r e  s t a c k  o f  t h e  E G E E 15 p r o j e c t  
[ S a n t  0 6 a ] ,  S t a r t e d  a s  a n  e x p l o r a t o r y  p r o j e c t  t o  s t u d y  t h e  m e t a d a t a  r e q u i r e m e n t s  o f  t h e  
L H C 16 e x p e r i m e n t s ,  A M G A  h a s  b e e n  e x t e n d e d  t o  a d d r e s s  i s s u e s  f r o m  d i f f e r e n t  u s e r  c o m ­
m u n i t i e s ,  i n c l u d i n g  H i g h  E n e r g y  P h y s i c s ,  B i o m e d  a n d  E a r t h  O b s e r v a t i o n  [ S a n t  0 6 b ] ,  T h i s  
m o t i v a t e d  A M G A  t o  b u i l d  a  g e n e r i c  m e t a d a t a  s e r v i c e  i n t e r f a c e  s u i t a b l e  f o r  m a n y  t y p e s  o f  
a p p l i c a t i o n s  [ S a n t  0 6 b ] ,
D a t a  S t r u c t u r e
T h e  d a t a  s t r u c t u r e  o f  A M G A  c o n s i s t s  o f  e n t r i e s ,  a t t r i b u t e s  a n d  s c h e m a s .  A n  e n t r y  
i s  t h e  n a m e  o f  t h e  d a t a  i t e m  o r  r e s o u r c e  b e i n g  d e s c r i b e d .  A n  a t t r i b u t e  i s  a  ( k e y ,  v a l u e )  
p a i r  w i t h  t y p e  i n f o r m a t i o n ,  w h i c h  e s s e n t i a l l y  i s  a  ( s p e c i a l  f o r m  o f )  t a g .  A  s c h e m a  i s  a  
l o g i c a l  g r o u p  o f  a t t r i b u t e s .  T h e  A M G A  e n t r i e s  a r e  a s s o c i a t e d  w i t h  o n e  o r  m o r e  
s c h e m a s  a n d  i n h e r i t  t h e  a t t r i b u t e s  d e f i n e d  i n  t h o s e  s c h e m a s .  S c h e m a s  a r e  d e f i n e d  
b y  u s e r s .  T h e y  a l l o w  u s e r s  t o  s t r u c t u r e  a n d  o r g a n i s e  m e t a d a t a  a s  l o g i c a l  g r o u p s .  I n  t h i s  
w a y ,  A M G A  p r o v i d e s  a  s i m p l e  m e t a d a t a  i n t e r f a c e  w h i c h  i s  f l e x i b l e  t o  s u p p o r t  d y n a m i c  
s c h e m a s .
B e h a v i o u r a l  O p e r a t i o n s
A M G A  d e f i n e s  o p e r a t i o n s  t o  a d d  a n d  r e m o v e  e n t r i e s  f r o m  a  s c h e m a ,  a n d  t o  l i s t  t h e  
s c h e m a s  t o  w h i c h  a n  e n t r y  b e l o n g s .  T h e r e  a r e  A M G A  o p e r a t i o n s  t o  c r e a t e  a n d  d e l e t e  
s c h e m a s ,  a s  w e l l  a s  t o  a d d  a n d  r e m o v e  a t t r i b u t e s  f r o m  a  s c h e m a .  A M G A  m e t a d a t a  
c a t a l o g u e  s e r v i c e  u s e s  a  r e l a t i o n a l  d a t a b a s e  t o  s t o r e  m e t a d a t a .  E a c h  s c h e m a  i s  a  t a b l e ,  
e n t r i e s  a r e  r o w s  a n d  a t t r i b u t e s  a r e  c o l u m n s .  A t t r i b u t e s  a r e  a d d e d  o r  r e m o v e d  f r o m  
a  s c h e m a  b y  a d d i n g  o r  r e m o v i n g  c o l u m n s  f r o m  t h e  s c h e m a  t a b l e .  A  m a s t e r  t a b l e  k e e p s  t h e  
i n d e x  o f  a l l  s c h e m a s .  T h i s  s t r u c t u r e  m e a n s  t h a t  m o s t  o p e r a t i o n s  o n l y  n e e d  t w o  a c c e s s e s  t o  
t h e  d a t a b a s e :  o n e  t o  t h e  i n d e x  t a b l e  a n d  a n o t h e r  t o  t h e  t a b l e  o f  t h e  s c h e m a .  A t  t h e  b a c k ­
e n d ,  A M G A  s u p p o r t s  s e v e r a l  s t o r a g e  s y s t e m s  b y  w a y  o f  m o d u l e s  [ S a n t  0 6 b ] .  M o s t  o f  
s t o r a g e  m o d u l e s  p r o v i d e d  b y  A M G A  a r e  f o r  r e l a t i o n a l  d a t a b a s e s ,  i n c l u d i n g  P o s t g r e S Q L ,  
O r a c l e ,  M y S Q L  a n d  S Q L L i t e .  T h e r e  i s  a l s o  a  s t a n d - a l o n e  i m p l e m e n t a t i o n  t h a t  s u p p o r t s  
f i l e  s y s t e m s .  I n  o r d e r  t o  a c c e s s  d i f f e r e n t  t y p e s  o f  s t o r a g e ,  A M G A  q u e r i e s  a r e  s i m p l y  t w o  
t e x t  s t r i n g s :  t h e  q u e r y  s t a t e m e n t  a n d  t h e  n a m e  o f  q u e r y  l a n g u a g e  b e i n g  u s e d .  A t  t h e  
f r o n t - e n d  A M G A  s u p p o r t s  t w o  a c c e s s  p r o t o c o l s ,  S O A P  a n d  T C P  S t r e a m i n g .
14gLite -  Lightweight Middleware for Grid Computing: http://glite.web.cem.ch
15EGEE-Enabling Grids for E-sciencE: http://public.eu-egee.org/
16LHC: http://www.lhc.ac.uk/
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A M G A  u s e s  t a g s  f o r  m e t a d a t a  d e s c r i p t i o n s ,  w h i c h  e x p o s e s  a  s i m p l e  i n t e r f a c e  a l l o w i n g  
n o n - t e c h n i c a l  u s e r s  t o  u s e  i t  e a s i l y  [ S a n t  0 6 b ] .  T a g  m e t a d a t a  s t r u c t u r e  s u p p o r t s  d y n a m i c  
s c h e m a s  t h u s  c a n  s e r v e r  a  b r o a d  r a n g e  o f  a p p l i c a t i o n s  [ S a n t  0 6 b ] .  H o w e v e r ,  f o r  m a n y  d a t a  
r e s o u r c e s  a l r e a d y  h a v i n g  m e t a d a t a  d e s c r i p t i o n s ,  A M G A  i s  u n a b l e  ( o r  i n e f f i c i e n t )  t o  i m p o r t  
o r  l i n k  t h e  e x i s t i n g  m e t a d a t a .  T h e  e x i s t i n g  m e t a d a t a  m a y  b e  u s e d  b y  o t h e r  a p p l i c a t i o n s ,  
a n d  s o m e t i m e s  i t  i s  n e c e s s a r y  t o  p r e s e r v e  t h e i r  o r i g i n a l  s e m a n t i c s  a n d  s y n t a x .  A  l a c k  
o f  t h e  c a p a b i l i t y  f o r  l i n k i n g  e x t e r n a l  m e t a d a t a  m a k e s  A M G A  l e s s  f e a s i b l e  f o r  s e r v i n g  a  
l a r g e r  n u m b e r  o f  e x i s t i n g  d a t a  a n d  m e t a d a t a  r e s o u r c e s .  T h e  f o l l o w i n g  a p p r o a c h  r e s o l v e s  
t h i s  p r o b l e m  b y  i m p l e m e n t i n g  a n  i n d e p e n d e n t  b i n d i n g  m o d e l .
3 . 1 . 6  A n  I n d e p e n d e n t  B i n d i n g  S e r v i c e  A p p r o a c h  -  O n t o G r i d
O n t o G r i d 17 w a s  a n  e i g h t - p a r t n e r  E U  F P 6  p r o j e c t  l a u n c h e d  i n  O c t o b e r  2 0 0 4  t o  i n v e s t i g a t e  
f u n d a m e n t a l  i s s u e s  i n  S e m a n t i c  G r i d s ,  a n d  t o  i n t e g r a t e  s e m a n t i c  w e b  a n d  G r i d  t e c h n o l o ­
g i e s  [ G o b i  0 5 ] ,  T h e  S e m a n t i c - O G S A  ( S - O G S A )  m o d e l  o f  O n t o G r i d  e x t e n d s  t h e  G r i d  
m i d d l e w a r e  c a p a b i l i t i e s  b y  p r o v i d i n g  S e m a n t i c  P r o v i s i o n i n g  S e r v i c e s  a n d  S e m a n t i c a l l y  
A w a r e  G r i d  S e r v i c e s .
D a t a  S t r u c t u r e
S - O G S A  d e f i n e s  G r i d  E n t i t i e s  a n d  K n o w l e d g e  E n t i t i e s  ( e . g . ,  o n t o l o g i e s ,  r u l e s ,  t e x t ) ,  
a n d  b i n d i n g s  o f  t h e  G r i d  E n t i t i e s  a n d  t h e  K n o w l e d g e  E n t i t i e s  i n  S - O G S A ,  t h e  s o -  
c a l l e d  S e m a n t i c  B i n d i n g s ,  a r e  e x p l i c i t l y  d e f i n e d  a n d  i n d e p e n d e n t l y  m a n a g e d .  T h e  
S e m a n t i c  B i n d i n g s  a r e  ( p o s s i b l e  t e m p o r a r y )  m e t a d a t a  a s s e r t i o n s  o n  G r i d  e n t i t i e s  a n d  
a r e  G r i d  r e s o u r c e s  w i t h  t h e i r  o w n  i d e n t i t y ,  m a n a g e a b i l i t y  f e a t u r e s  a n d  m e t a d a t a  [ A l p e  0 6 ] ,  
E a c h  S e m a n t i c  B i n d i n g  i s  a s s o c i a t e d  w i t h  o n e  l i f e t i m e  s t a t e .  W h e n  a  S e m a n t i c  B i n d ­
i n g  i s  c r e a t e d ,  t h e  s t a t e  i s  S t a b l e .  I t  w i l l  c h a n g e  t o  G r i d R e f s O u t d a t e d  i f  a n y  r e ­
l a t e d  G r i d  E n t i t i e s  a r e  u p d a t e d  o r  d e s t r o y e d ,  o r  c h a n g e  t o  C o n t e n t R e f s O u t d a t e d  i f  
t h e  r e l a t e d  o n t o l o g i e s  a r e  u p d a t e d  o r  d e s t r o y e d .  T h e  S e m a n t i c  B i n d i n g  i t s e l f  c a n  b e  
u p d a t e d ,  i n  w h i c h  c a s e  t h e  s t a t e  w i l l  r e m a i n  S t a b l e .  W h e n  i n  G r i d R e f s O u t d a t e d  o r  
C o n t e n t R e f s O u t d a t e d  s t a t e ,  t h e  S e m a n t i c  B i n d i n g  w i l l  c h e c k  t h e  r e l a t e d  G r i d  E n t i t i e s  
o r  o n t o l o g i e s ,  i f  t h e y  h a v e  b e e n  u p d a t e d ,  t h e  S e m a n t i c  B i n d i n g  r e t u r n s  t o  S t a b l e  s t a t e ,  i f  
t h e y  h a v e  b e e n  d e s t r o y e d ,  t h e  s t a t e  w i l l  c h a n g e  t o  S t a l e .  W h e n  i n  S t a l e  s t a t e ,  a  S e m a n t i c  
B i n d i n g  c a n  b e  r e q u e s t e d  t o  b e  d e s t r o y e d  o r  t o  b e  a r c h i v e d .
B e h a v i o u r a l  O p e r a t i o n s
T h e  S e m a n t i c  B i n d i n g  S e r v i c e  o f  t h e  S - O G S A  [ C o r e  0 6 ]  p r o v i d e s  f o u r  b a s i c  o p e r a t i o n s :
( 1 )  C r e a t e  ( C r e a t i n g  a  S e m a n t i c  B i n d i n g  o f  t h e  G r i d  E n t i t i e s  a n d  K n o w l e d g e  E n t i t i e s ) ;
17OntoGrid: htp://www.ontogrid.eu/
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( 2 )  A d d / R e m o v e  G r i d  E n t i t y  R e f e r e n c e s  a n d  A d d / R e m o v e  K n o w l e d g e  E n t i t y  R e f e r e n c e s ;
( 3 )  G e t / U p d a t e  S e m a n t i c  B i n d i n g  C o n t e n t ;  a n d  ( 4 )  Q u e r y ,  a n d  Q u e r y W i t h l n f e r e n c e .  
T w o  t y p e s  o f  n o t i f i c a t i o n s  h a v e  b e e n  a d d r e s s e d :  ( 1 )  n o t i f i c a t i o n  r e c e i v e d  b y  t h e  S e ­
m a n t i c  B i n d i n g ,  r e l a t e d  t o  t h e  c h a n g e s  d o n e  t o  t h e  r e l a t e d  G r i d  E n t i t i e s  o r  K n o w l e d g e  
E n t i t i e s  ( G r i d E n t i t y / O n t o l o t y  U p d a t e T i m e ,  U p d a t e R e a s o n  w i l l  b e  s e n t ) ;  a n d  ( 2 )  n o t i f i c a ­
t i o n s  f r o m  t h e  S e m a n t i c  B i n d i n g  t o  i t s  p o t e n t i a l  r e q u e s t o r s  w h e n  t h e r e  i s  a n y  c h a n g e  i n  i t s  
s t a t e  o r  c o n t e n t  ( U p d a t e T i m e ,  U p d a t e T y p e ,  N e w S t a t e ,  U p d a t e R e a s o n  w i l l  b e  s e n t ) .
S - O G S A  p r e s e n t s  a n  a d v a n c e d  b i n d i n g  m o d e l  w h e r e  b i n d i n g s  a r e  i n d e p e n d e n t l y  m a n ­
a g e d .  T h i s  m a k e s  i t  p o s s i b l e  f o r  S - O G S A  t o  i n c r e m e n t a l l y  i n c o r p o r a t e  s e m a n t i c s  i n t o  
G r i d  s e r v i c e s  w i t h o u t  d i s r u p t i n g  e x i s t i n g  s e r v i c e s  [ C o r e  0 7 ] ,  H o w e v e r ,  S - O G S A  i s  d e ­
s i g n e d  f o r  G r i d  a p p l i c a t i o n s  a n d  a d d r e s s e s  s p e c i a l  i s s u e s  t h a t  a d d  s e m a n t i c  d e s c r i p t i o n s  t o  
G r i d  s e r v i c e .  I t  i s  n o t  d e s i g n e d  f o r  g e n e r a l  d a t a - m e t a d a t a  b i n d i n g s .
3 . 1 . 7  C o n c l u s i o n
T h i s  s e c t i o n  h a s  p r e s e n t e d  e x i s t i n g  b i n d i n g  m a n a g e m e n t  a p p r o a c h e s  u s e d  b y  s c i e n t i f i c  
a p p l i c a t i o n s .  T a b l e  3 . 1  s u m m a r i s e s  t h e s e  a p p r o a c h e s .
Table 3.1 : Summary of Related Work on Binding Management
Approach Examples System Features Limitations
Simple Metadata 
Catalogue
MCAT Support data intensive applications. 
Using logical name space for 
data integration.
Dependent binding management. 
Non-generic binding representation.
Web Service Registry UDDI Support various web services. Dependent binding management. 
Inefficient support for scientific apps.
Semantic Web Service 
Registry
Feta UDDI+ Ontology 
Support semantic diversity.




BIRN Grid + Ontology 
Support semantic diversity.




AMGA Simple, flexible metadata annotation. 
Support generic Grid applications.




OntoGrid Independent binding management. Application dependent.
M a n y  s c i e n t i f i c  a p p l i c a t i o n s  r e q u i r e  t o  i n t e g r a t e  v a r i o u s  r e s o u r c e s .  T o  s u p p o r t  s e m a n ­
t i c  d i v e r s i t y ,  s y s t e m s  s u c h  a s  F e t a  a n d  B I R N ,  u s e  o n t o l o g y - b a s e d  a p p r o a c h  w h i c h  i s  c o m ­
p l e x  a n d  e x p e n s i v e .  M a n y  o t h e r  s y s t e m s ,  s u c h  a s  B i o C a t a l o g u e  a n d  A M G A ,  a r e  b e g i n n i n g  
t o  a d o p t  m o r e  s i m p l e  a n d  u s e r - f r i e n d l y  t e c h n o l o g i e s ,  i . e .  t a g g i n g  a p p r o a c h .  E x p e r i e n c e s  
f r o m  A M G A  s h o w  t h a t  a  t a g g i n g  i n t e r f a c e  a l l o w s  n o n - t e c h n i c a l  u s e r s  t o  a n n o t a t e  d a t a  
r e s o u r c e s  ( o r  d a t a  i t e m s )  m o r e  e a s i l y  a n d  e f f i c i e n t l y .
O n  t h e  o t h e r  h a n d ,  l e s s o n s  l e a r n e d  f r o m  U D D I  s h o w  t h a t  i n  o r d e r  t o  s u p p o r t  s c a l a b i l ­
i t y ,  a  s y s t e m  s h o u l d  k e e p  t h e  d a t a  m o d e l  a s  s i m p l e  a s  p o s s i b l e ,  a n d  a v o i d  h i e r a r c h i c a l  o r  
a n y  c o m p l i c a t e d  d a t a  s t r u c t u r e .
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F i n a l l y ,  S - O G S A  p r o v i d e s  u s e f u l  e x p e r i e n c e s  o f  i m p l e m e n t i n g  a n  i n d e p e n d e n t  b i n d ­
i n g  m a n a g e m e n t  a p p r o a c h ,  a n d  d e m o n s t r a t e s  a d v a n t a g e s  o f  t h i s  a p p r o a c h ,  i . e . ,  t h e  i n ­
d e p e n d e n t  b i n d i n g  m a n a g e m e n t  a l l o w s  S - O G S A  t o  i n c r e m e n t a l l y  l i n k  G r i d  s e r v i c e s  a n d  
t h e i r  s e m a n t i c  m e t a d a t a  w i t h o u t  d i s r u p t i n g  e x i s t i n g  s y s t e m s .  H o w e v e r ,  t h e  S - O G S A  b i n d ­
i n g  s e r v i c e  i s  n o t  d e s i g n e d  f o r  g e n e r a l  d a t a - m e t a d a t a  b i n d i n g s .  I n  c o n t r a s t ,  t h e  p r o p o s e d  
b i n d i n g  s e r v i c e  p r o v i d e s  a  g e n e r i c  a p p r o a c h  t o  t h e  i n d e p e n d e n t  b i n d i n g  m a n a g e m e n t .
3 . 2  D a t a  R e f e r e n c e  A p p r o a c h e s
A n  i n d e p e n d e n t  b i n d i n g  m a n a g e m e n t  a p p r o a c h  i m p l e m e n t s  a  d a t a - r e f e r e n c e  m o d e l .  T h i s  
s e c t i o n  i n t r o d u c e s  s t a t e - o f - t h e - a r t  a p p l i c a t i o n s  o f  t h e  d a t a - r e f e r e n c e  m o d e l ,  i n c l u d i n g  W e b  
2 . 0  D a t a  M a s h u p ,  i R O D S  i n  t h e  D a t a  G r i d ,  a n d  L i n k e d  D a t a  i n  t h e  S e m a n t i c  W e b .
F o r  e a s i e r  o b s e r v a t i o n s ,  t h e  s t r u c t u r e s  o f  s t u d i e d  m o d e l s  h a v e  b e e n  d i v i d e d  i n t o  l a y e r s  
b a s e d  o n  f u n c t i o n s  a n d  l o c a t i o n s  o f  c o m p o n e n t s .  F o u r  l a y e r s  a r e  i d e n t i f i e d :  t h e  l a y e r  o f  
d a t a  s o u rc e s ,  o f  in t e g r a t io n ,  o f  a g g r e g a t io n ,  a n d  o f  p r e s e n t a t io n .  T h e  s o u rc e  l a y e r  r e p r e ­
s e n t s  d a t a  r e s o u r c e s  t y p i c a l l y  l o c a t e d  a t  p r o v i d e r ’ s  s i t e s ,  a n d  a  r e f e r e n c e  m o d e l  e x p o s e s  
a n  i n t e r f a c e  o n t o  i t  f o r  d a t a  a c c e s s  a n d  q u e r y .  A t  t h e  in t e g r a t io n  l a y e r ,  t h e  d i f f e r e n t  t y p e s  
o f  d a t a  p u l l e d  f r o m  a  v a r i e t y  o f  d a t a  r e s o u r c e s  a r e  c o n v e r t e d  i n t o  u n i f o r m  r e p r e s e n t a t i o n s  
w h i c h  c a n  b e  r e s o l v e d  b y  t h e  r e f e r e n c e  s y s t e m .  T h e  a g g r e g a t io n  l a y e r  t y p i c a l l y  r e g i s t e r s  
t h e  d a t a  r e f e r e n c e s  a n d  o f f e r s  o p e r a t i o n s  f o r  l o o k u p  a n d  c o n t r o l s .  T h e  p r e s e n t a t io n  l a y e r  
p r e s e n t s  t h e  i n f o r m a t i o n  t o  t h e  e n d  u s e r s .  I n  t h e  f o l l o w i n g ,  t h e  c h o s e n  r e f e r e n c e  m o d e l s  
a r e  a n a l y s e d  t h r o u g h  t h i s  f o u r - l a y e r  f r a m e w o r k .
3 . 2 . 1  W e b  2 . 0  D a t a  M a s h u p  A p p r o a c h
W e b 2 . 0  D a t a  M a s h u p  i s  a  c o n t e n t  a g g r e g a t i o n  t e c h n o l o g y ,  w h i c h  c o m b i n e s  d i f f e r e n t  t y p e s  
o f  d a t a  f r o m  d i f f e r e n t  r e s o u r c e s  i n  a  s i n g l e  w e b  p a g e .  A s  e x a m p l e s ,  M a s h M y D a t a 18 d e v e l ­
o p e d  b y  J o n  B l o w e r  a n d  h i s  t e a m  a t  t h e  R e a d i n g  e - S c i e n c e  C e n t r e  ( R e S C ) ,  u s e s  t h e  W e b  
M a p  S e r v i c e 19  t o  p r o v i d e  a  l o c a t i o n ,  w h i l e  t h e  d i s p l a y  o f  d a t a  t a k e n  f r o m  o t h e r  s o u r c e s  
o f  e n v i r o n m e n t a l  d a t a .  S i m i l a r l y ,  w o r k  l e d  b y  M i c h a e l  B a t t y  a t  t h e  C e n t r e  f o r  A d v a n c e d  
S p a t i a l  A n a l y s i s  ( C A S A ) ,  s u c h  a s  M a p t u b e 2 0  a n d  L o n d o n  P r o f i l e r 2 1 , m a k e  u s e  o f  t h e  v i s u ­
a l i s a t i o n  i n t e r f a c e  p r o v i d e d  b y  G o o g l e  M a p s  A P I ,  a n d  a l l o w  g e o g r a p h i c  d a t a  f r o m  v a r i o u s  
s o u r c e s  t o  b e  q u i c k l y  a n d  e a s i l y  o v e r l a y e d .
18MashMyData: https://code.google.eom/p/mashmydata/. (The project webpages and source codes are 
host at Google Code.)
l9OGC standard -  Web Map Service: http://www.opengeospatial.org/standards/wms
20Maptube: http://www.maptube.org/
London Profiler: http://www.londonprofiler.org/21
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Figure 3.1: Web2.0 Data Mashup Model
D a t a  f o r  m a s h u p s  c o m e  f r o m  n u m e r o u s  s o u r c e s .  M a j o r  w e b  d a t a  s o u r c e s ,  s u c h  a s  
G o o g l e ,  Y a h o o ! ,  F l i c k r ,  D e l i c i o u s ,  F a c e b o o k ,  A m a z o n  a n d  e B a y ,  m a k e  t h e i r  d a t a  a c c e s s i ­
b l e  t h r o u g h  w e b  s e r v i c e s ,  R S S  f e e d s ,  o r  p r o p r i e t a r y  A P I s .  A  m a s h u p  a p p l i c a t i o n  t y p i c a l l y  
a g g r e g a t e s  t h e  d a t a  f r o m  m u l t i p l e  s o u r c e s ,  r e t r i e v e s  t h e m  a t  r u n t i m e ,  a n d  r e m i x e s  t h e m  
t o  p r o v i d e  n e w  v i e w s  o f  t h e  i n f o r m a t i o n .  T h e  w e b s i t e  P r o g r a m m a b l e w e b 2 2  l i s t s  - 2 5 0 0  
v e n d o r s ’  A P I s  a n d  - 5 5 0 0  M a s h u p s  b a s e d  o n  t h e s e  A P I s 2 3 .
F i g u r e  3 . 1  d e p i c t s  t h e  s t r u c t u r e  o f  W e b 2 . 0  D a t a  M a s h u p  m o d e l .  T h e  d a t a  r e s o u r c e  i n  
t h e  s o u rc e  l a y e r  c a n  b e  a  r e l a t i o n a l  d a t a b a s e ,  X M L ,  m u l t i m e d i a ,  o r  p r o g r a m a t i c a l l y  g e n ­
e r a t e d  b y  a  r u n n i n g  a p p l i c a t i o n .  A t  t h e  in t e g r a t io n  l a y e r ,  d i f f e r e n t  t y p e s  o f  d a t a  r e s o u r c e s  
a r e  m a d e  w e b - a c c e s s i b l e  t h r o u g h  w e b  s e r v i c e s  o r  p r o p r i e t a r y  A P I s ,  w h i c h  c a n  b e  d e l i v ­
e r e d  b y  s t a n d a r d  n e t w o r k  p r o t o c o l s ,  s u c h  a s  H T T P ,  S O A P ,  R E S T ,  R S S ,  a n d  p r o c e s s e d  b y  
m a s h u p  a p p l i c a t i o n s .  A t  t h e  a g g r e g a t io n  l a y e r ,  t h e  m a s h u p  a p p l i c a t i o n s  t y p i c a l l y  s u s t a i n  a  
c o l l e c t i o n  o f  l i n k s  t o  t h e  d a t a  b y  e n c o d i n g  t h e  U R I s  o f  t h e  d a t a  w i t h i n  w o r k f l o w  f u n c t i o n s ,  
a n d  u s i n g  A J A X ,  w i d g e t ,  o r  m i c r o f o r m a t  t e c h n o l o g i e s  t o  c o n n e c t  t h e  r e s o u r c e s  a n d  r e m i x  
t h e  i n f o r m a t i o n  o n - t h e - f l y .  T h e  n u m b e r s  o f  d a t a  c o n n e c t i o n s  s u p p o r t e d  b y  m a s h u p  s y s ­
t e m s  a r e  r e l a t i v e l y  s m a l l .  F o r  e x a m p l e ,  i n  2 0 0 9 ,  Y a h o o ! ’ s  P i p e 2 4  s y s t e m  s u p p o r t s  4 3  d a t a  
r e s o u r c e  c o n n e c t i o n s  t h r o u g h  w i d g e t s ,  a n d  M S ’  P o p f l y  s u p p o r t s  3 0 0  w i d g e t s  [ M a r j  0 9 ] .  
F i n a l l y ,  a t  t h e  c o n t r o l  a n d  p r e s e n t a t io n  l a y e r ,  t h e  i n f o r m a t i o n  i s  d e l i v e r e d  a s  w e b  p a g e s  t o  
w e b  b r o w s e r s .
W e b 2 . 0  D a t a  M a s h u p s  d o  n o t  a s s i g n  g l o b a l l y  u n i q u e  i d e n t i f i e r s  t o  d a t a  i t e m s ,  w h i c h  
m a k e s  i t  i m p o s s i b l e  t o  s e t  l i n k s  b e t w e e n  i t e m s  i n  d i f f e r e n t  d a t a  s o u r c e s  i n  o r d e r  t o  c o n n e c t  
d a t a  i n t o  a  g l o b a l  d a t a  s p a c e .  T h i s  m e a n s  t h a t  r e c u r s i v e  c o n s t r u c t i o n  o f  m a s h u p s  t o  g e n ­
e r a t e  f u r t h e r  c o m p o s i t e  c o n t e n t  i s  n o t  s t r a i g h t f o r w a r d .  T h e  i m p l e m e n t a t i o n s  o f  a  m a s h u p
22Programmableweb: http://programmableweb.coin
23 At the time of writing in Dec. 2010,
24Yahoo!’s Pipe: http://pipes.yahoo.com/pipes
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a re  n o r m a l l y  a g a in s t  a  f i x e d  s e t  o f  d a ta  s o u r c e s ,  a n d  th e  d e v e l o p e r  h a s  t o  m a n u a l ly  d e ­
f in e  a tt r ib u te s  a n d  in t e g r a t e  d a ta  s o u r c e s .  D u e  to  th e  fa c t  th a t  v a r io u s  e x t e r n a l  s o u r c e s  
a r e  c o m b in e d ,  a v a i l a b i l i t y  b e c o m e s  a  c r u c ia l  fa c t o r  -  i f  o n e  o f  th e  s e r v ic e s  u s e d  is  o u t  o f  
o p e r a t io n ,  th e  w h o l e  m a s h u p  c a n  f a i l  t o  fu n c t io n  [M a r j  0 9 ] .  T h is  s u g g e s t s  th a t  v a l id a t i o n  
o f  th e  a c c e s s ib i l i t y  o f  d is t r ib u t e d  d a ta  r e s o u r c e s  s h o u ld  b e  s u p p o r t e d  b y  a  d a t a - r e f e r e n c e  
s y s t e m ,  e . g . ,  t o  b e  p r o v id e d  a s  a  d e fa u l t  fu n c t io n .
T h e  W e b 2 . 0  D a t a  M a s h u p  a p p r o a c h  f o c u s e s  o n  e a s y  a n d  fa s t  c o n s t r u c t io n s  o f  d a ta  
v is u a l is a t io n  in t e r fa c e s  th a t  c o m b in e s  in f o r m a t io n  a g g r e g a t e d  f r o m  a  ( s m a l l )  s e t  o f  r e ­
s o u r c e s .  I t  d o e s  n o t  p r o v i d e  s o lu t io n s  t o  a  u n i f i e d  d a ta  s t ru c tu re  f o r  a  d a t a - r e f e r e n c e  
m o d e l ,  n o r  d o e s  i t  s p e c i f y  s ta n d a rd  o p e r a t io n s  s u c h  m o d e ls  s h o u ld  h a v e .  B y  c o n tr a s t ,  
th e  d e s ig n  o f  th e  b in d in g  s e r v i c e  d e f in e s  a  b in d in g  d a ta  s t ru c tu r e  a n d  p r o v id e s  a p p l i c a b le  
o p e r a t io n s .  A  p r o t o t y p e  b u i l t  u p o n  th is  m o d e l  is  a b le  t o  m a n a g e  la r g e  s c a le  d a ta  r e f e r e n c e d  
f r o m  v a r io u s  r e s o u r c e s .
3 . 2 . 2  R u l e - b a s e d  D a t a  S y s t e m  in  t h e  D a t a  G r i d
T h e  in t e g r a t e d  R u le - b a s e d  D a t a  S y s t e m  ( i R O D S ) ,  a  s u c c e s s o r  t o  S R B  ( s e e  s u b s e c t io n  
3 .1 .1 )  a n d  h e ld  a t th e  R e n a is s a n c e  C o m p u t in g  In s t i t u t e  E u r o p a  C e n t r e  ( R E N C I )  a t  th e  
U n i v e r s i t y  o f  N o r t h  C a r o l in a ,  s u p p o r ts  th e  f o r m a t io n  o f  s h a r e d  c o l l e c t i o n s  o f  d a ta  in  a  
D a ta  G r id ,  w h i l e  a u t o m a t in g  th e  e x e c u t io n  o f  m a n a g e m e n t  p o l i c i e s  [ M o o r  0 8 b ] .
T h e  a r c h it e c tu r e  o f  th e  iR O D S  s y s t e m  is  i l lu s t r a t e d  b y  F ig u r e  3 .2 . A t  th e  s o u r c e  la y e r ,  
d is t r ib u t e d  d a ta  r e s o u r c e s  r e s id e  in  d i f f e r e n t  t y p e s  o f  s t o r a g e  s y s t e m s ,  l o c a t e d  in  d i f f e r e n t  
in s t i tu t io n s  th a t  a r e  l in k e d  b y  th e  In t e r n e t .  A t  th e  in te g r a t io n  la y e r ,  d i f f e r e n t  t y p e s  o f  d a ta  
r e s o u r c e s  a r e  m a n a g e d  b y  s e ts  o f  i R O D S  m ic r o - s e r v i c e s  w h ic h  a r e  a t o m ic  o r  c o m b in e d  
s ta n d a rd  o p e r a t io n s  th a t  a re  in v o k e d  t h r o u g h  u s e r - d e f in e d  a n d  a d m in is t r a t o r  d e f in e d  r u le s .  
A t  th e  a g g r e g a t io n  la y e r ,  th e  f e d e r a t i o n  o f  s e r v e r s  is  im p le m e n t e d  w i t h  a  c e n t r a l  m e t a d a t a  
c a t a lo g u e  th a t  m a n a g e s  p e r s is t e n t  s ta te  in f o r m a t io n ,  a n d  a  r u le  e n g in e  th a t  a p p l ie s  r u le s  
s t o r e d  in  a  r u le  b a s e .  F o r  e a c h  d e s i r e d  o u tp u t ,  ru le s  a re  d e f in e d  th a t  c o n t r o l  th e  e x e c u t io n  
o f  th e  r e m o t e  o p e r a t io n s .  A t  th e  c o n t r o l  a n d  p r e s e n ta t io n  la y e r ,  c l ie n t s  is s u e  r e q u e s t s  t o  
th e  iR O D S  s y s te m s  t o  in v o k e  ru le s .
D a t a  in  iR O D S  a r e  t y p i c a l l y  in  f i l e  f o r m a ts .  E a c h  f i l e  is  a s s ig n e d  a  u n iq u e  G lo b a l  
F i l e  I d e n t i f i e r  ( G F I ) ,  w h ic h  is  th e  n a m e  o f  c o l l e c t i o n  a n d  d a ta  o b j e c t  a s  t h e y  a p p e a r  in  
iR O D S .  T h e  m e t a d a t a  c a t a lo g  m a n a g e s  th e  m a p p in g s  o f  th e  G F I s  t o  th e  l o c a t i o n  o f  d a ta  
f i l e s ,  th e  m a p p in g  o f  th e  G F I s  t o  th e  lo c a t i o n  o f  m e ta d a ta ,  a n d  th e  a s s o c ia t io n  o f  th e  d a ta  
to  th e  m e ta d a ta  th r o u g h  G F I s .  iR O D S  fe d e r a t e s  u s e r - d e f in e d  r u le s  a n d  c o n s t r a in t s  th a t  
a r e  u s e d  t o  m a n a g e  s ta te  t r a n s it io n s  w i t h in  a  d a ta  g r id .  R u le s  c a n  b e  p u b l is h e d  f o r  u s e  
b y  o th e r s .  B y  d e fa u l t ,  iR O D S  p r o v id e s  th r e e  t y p e s  o f  ru le s , in c lu d in g  u s e r - a c c e s s  r u le s  
w h ic h  a l l o w  u s e rs  t o  v i e w  a n d  m a n ip u la t e  th e  c o l l e c t i o n s  a n d  f i l e s ;  p r o c e d u r a l  r u le s  u s e d
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f o r  d a ta  a c c e s s  a n d  t r a n s fe r  ( t h is  d o e s  n o t  in c lu d e s  c o n te n t  t r a n s fo r m a t io n  f o r  in t e g r a t io n  
p u r p o s e s ) ;  a n d  c o n s is t e n c y  r u le s  u s e d  f o r  v e r i f y i n g  c o n s is t e n c y  s ta te s  o f  d a ta  a n d  s y s te m .
S o m e  k n o w n  is s u e s  o f  iR O D S  in c lu d e  h o w  t o  s u p p o r t  th e  a p p l ic a t io n  o f  d y n a m ic  
r u le s  a n d  c o n s t r a in t s  o n  c o l l e c t i o n s  o f  l a r g e  s c a le  d a ta ; h o w  t o  a v o id  d e a d lo c k s  o f  ru le s  
a n d  c o n s t r a in t s ;  h o w  t o  m in im is e  c o m p le x i t y  f o r  h a n d l in g  in t e g r a t iv e  r u le s ;  a n d  h o w  to  
k e e p  th e  s i z e  o f  th e  r u le  s p a c e  m a n a g e a b le  [ M o o r  0 8 b ] .
iR O D S  r e f e r e n c e s  d a ta  f r o m  s t o r a g e  s y s t e m s  in s ta l le d  o n  D a t a  G r id s .  iR O D S  h a s  
c o n t r o l  o v e r  th e  s t o r a g e  s y s t e m s  a n d  c a n  e x e c u t e  th e  r u le s  a t e a c h  s t o r a g e  lo c a t i o n  w h e r e  
d a ta  r e s id e s .  B y  c o n tr a s t ,  t h e  p r o p o s e d  b in d in g  s e r v i c e  a d d r e s s e s  th e  c h a l l e n g in g  is s u e s  
th a t  d a ta  r e s o u r c e s  a r e  lo c a t e d  a t e x t e r n a l  s t o r a g e ,  a n d  b in d in g  s e r v i c e  m a y  n o t  h a v e  fu l l  
c o n t r o l  o v e r  th e  s t o r a g e  s y s te m s .
3 . 2 . 3  L i n k e d  D a t a  A p p r o a c h  in  t h e  S e m a n t i c  W e b
T h e  r e c e n t l y  e m e r g e d  t e r m  L in k e d  D a ta  r e f e r s  t o  a  s e t  o f  b e s t  p r a c t ic e s  f o r  e x p o s in g ,  
s h a r in g  a n d  c o n n e c t in g  p i e c e s  o f  d a ta , in f o r m a t io n ,  a n d  k n o w le d g e  o n  th e  S e m a n t ic  W e b  
u s in g  U R I s  a n d  R D F  [ B i z e  0 9 b ] .  T i m  B e m e r s - L e e  o u t l in e d  a  s e t  o f  p r in c ip le s  f o r  th e  
L in k e d  D a t a  [B e r n  0 6 ] :
1. U s e  U R I s  as n a m e s  f o r  th in g s ;
2 . U s e  h t tp  U R I s  s o  th a t  p e o p l e  c a n  l o o k  u p  th o s e  n a m e s ;
3 . W h e n  s o m e o n e  l o o k s  u p  a  U R I ,  p r o v id e  u s e fu l  in f o r m a t io n ,  u s in g  th e  s ta n d a rd s  
(R D F ,  S P A R Q L ) ;  a n d
4 . I n c lu d e  l in k s  t o  o t h e r  U R I s ,  s o  th a t  th e y  c a n  d i s c o v e r  m o r e  th in g s .
W i t h  th e  e f f o r t s  o f  W 3 C  L in k in g  O p e n  D a t a  ( L O D )  c o m m u n it y ,  a n  in c r e a s in g  n u m ­
b e r  o f  d a ta  p r o v id e r s  h a v e  s ta r te d  t o  p u b l is h  a n d  in t e r l in k  d a ta  o n  th e  W e b .  C u r r e n t ly 25,
25In Dec. 2010
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F ig u r e  3 .3 :  T h e  L in k e d  D a ta  M o d e l
th e  S e m a n t ic  W e b  c o n s is t s  o f  s e v e r a l  b i l l i o n  R D F  t r ip le s  a n d  c o v e r s  d o m a in s  s u c h  a s  g e ­
o g r a p h ic  in f o r m a t io n ,  p e o p le ,  c o m p a n ie s ,  o n l in e  c o m m u n i t ie s ,  f i lm s ,  m u s ic ,  b o o k s  a n d  
s c ie n t i f i c  p u b l ic a t io n s 26.
F ig u r e  3 .3  s h o w s  th e  s t ru c tu r e  o f  L in k e d  D a ta  a p p l i c a t io n  m o d e l .  T h e  d a ta  s o u rc e s  
a r e  t y p i c a l l y  R D F  f i l e s  o r  R D F  t r ip l e  s to r e s .  O t h e r  t y p e s  o f  r e s o u r c e s ,  s u c h  a s  d a ta b a s e s  
o r  d o c u m e n t s  in  H T M L ,  a r e  a ls o  a l l o w e d .  R D F  is  u s e d  t o  m a k e  t y p e d  s ta te m e n ts  th a t  l in k  
a r b it r a r y  th in g s  in  th e  w o r ld .  T h in g s  a r e  r e p r e s e n t e d  a s  U R I s .  I t  is  p o s s ib l e  t o  u s e  d i f f e r e n t  
U R I s  t o  id e n t i f y  th e  s a m e  e n t i t y ,  s o  c a l l e d  ‘ U R I  a l ia s e s ’ . V o c a b u la r ie s  a r e  u s e d  t o  d e s c r ib e  
e n t i t ie s  a n d  h o w  th e y  a r e  r e la t e d .  S o m e  w e l l - k n o w  v o c a b u la r ie s  in c lu d e ,  F O A F 27, S I O C 28, 
S K O S 29, D O A P 30, v C a r d 31, D u b l in  C o r e 32, O A I - O R E 33 a n d  G o o d R e l a t i o n s 34.
A t  th e  in te g r a t io n  la y e r ,  v a r io u s  t o o l s  a r e  m a d e  a v a i l a b l e  f o r  m a p p in g  d i f f e r e n t  t y p e s  
o f  r e s o u r c e s  t o  L in k e d  D a ta ,  o r  r e w r i t in g  q u e r y  U R I s  in t o  S P A R Q L  f o r  a c c e s s .  F o r  e x a m ­
p le ,  D 2 R  [ B i z e  0 6 ]  m a p s  r e la t io n a l  d a ta b a s e  t o  L in k e d  D a ta ,  S p a r q P lu g  [C o e t  0 8 ]  e x t r a c t s  
L in k e d  D a ta  f r o m  H T M L  d o c u m e n t s ,  S I O C  E x p o r t e r s 35 p r o v id e  th e  L in k e d  D a t a  w r a p ­
p e r s  f o r  b l o g g i n g  e n g in e s ,  c o n t e n t  m a n a g e m e n t  s y s t e m s  a n d  d is c u s s io n  fo r u m s .
A t  th e  a g g r e g a t io n  la y e r ,  a  t y p i c a l  L i n k e d  D a ta  a p p l ic a t io n  a g g r e g a t e s  th e  L in k e d  
D a ta  a n d  g e n e r a t e s  u s e fu l  in f o r m a t io n .  F o r  e x a m p le ,  T a b u la t o r 3 6  a n d  M a r b l e s 3 7  t r a c k  th e
26http://linkeddata.org/ R etrieved  Dec. 2009
27T h e  Friend o f  a Friend (F O A F ) vocabulary: http://xmlns.com/foaf/spec/
2 8
Sem antically-In terlinked Online Com m unities (S IO C ) on to logy : http://sioc-project.org/ontology
29S im ple K n ow led ge  Organization System  (S K O S ): http://www.w3.org/2004/02/skos/
30Description  O f  A  P ro ject (D O A P ): http://trac.usefulinc.com/doap
3’ vC ard  -Th e E lectronic Business Card: http://www.imc.org/pdi/vcard-21.txt
32Dublin C ore: http://dublincore.org/
33
Open A rch ives In itiative O bject Reuse and Exchange (O A I-O R E ): http://www.openarchives.org/ore/
34G oodR elations-The W eb  O n to logy  fo r  E -C om m erce: http://www.heppnetz.de/projects/goodrelations/




3.2. Data Reference Approaches 47
p r o v e n a n c e  o f  d a ta  w h i l e  m e r g in g  d a ta  a b o u t  th e  s a m e  th in g  f r o m  d i f f e r e n t  s o u r c e s .  T a b ­
u la t o r  a ls o  a l l o w s  u s e r s  t o  d i s c o v e r  a n d  h ig h l i g h t  a  p a t te rn  o f  in t e r e s t  a n d  q u e r y  f o r  s im ­
i la r  p a t te rn s  in  th e  d a ta  w e b .  L in k e d  D a ta  s e a r c h  e n g in e s ,  su ch  as: F a l c o n s 38, S W S E 39, 
S w o o g l e 40, S in d i c e 41, a n d  W a t s o n 42, c r a w l  a n d  in d e x  L in k e d  D a ta  f r o m  th e  w e b  b y  f o l ­
l o w in g  R D F  l in k s ,  a n d  p r o v i d e  q u e r y  c a p a b i l i t i e s  o v e r  th e  a g g r e g a t e d  d a ta .
A t  th e  p r e s e n ta t io n  la y e r ,  a p p l i c a t io n s  su ch  as L in k e d  D a ta  b r o w s e r s  a l l o w  u s e rs  to  
n a v ig a t e  th e  s o u r c e s  l in k  b y  l in k .  A d v a n c e  L in k e d  D a ta  b r o w s e r s  c o m b in e  m a s h u p  t e c h ­
n o l o g y  t o  p r o v id e  u s e fu l  fu n c t io n s ,  f o r  e x a m p le ,  D B p e d ia  M o b i l e  [B e c k  081 c a n , b a s e d  
o n  th e  c u r r e n t  G P S  p o s i t i o n  o f  th e  m o b i l e  d e v i c e ,  p r o v id e  a  l o c a t io n - c e n t r ic  m a s h u p  o f  
n e a r b y  l o c a t io n s  f r o m  D B p e d ia 43, p h o to s  v i a  a  L in k e d  D a ta  w r a p p e r  a r o u n d  th e  F l i c k r  
A P I ,  a n d  a s s o c ia t e d  r e v i e w s  f r o m  R e v y u 44.
T h e  L in k e d  D a t a  a r e  a c c e s s e d  t h r o u g h  S P A R Q L  q u e r ie s .  S P A R Q L  is  a  d a t a - o r ie n t e d  
q u e r y  la n g u a g e  th a t  q u e r ie s  in f o r m a t io n  h e ld  in  th e  R D F  d a ta  m o d e l  o r  R D F  g r a p h . A  
s o lu t io n  t o  th e  q u e r y  is  o b t a in e d  b y  m a t c h in g  g r a p h  p a t te rn s  t o  s u b g ra p h s  o f  th e  t a r g e t  R D F  
g r a p h s  [ A n t o  0 9 ,  G u t i  0 9 ] .  T h e  W 3 C  S P A R Q L  s p e c i f i c a t io n 45  d e f in e s  f o u r  q u e r y  fo r m s :  
C O N S T R U C T ,  D E S C R I B E ,  S E L E C T ,  a n d  A S K .  C O N S T R U C T  a n d  D E S C R I B E  r e tu rn  
an  R D F  g r a p h  as q u e r y  r e s u lt ;  S E L E C T  re tu rn s  an  R D F  g r a p h  c o n s t r u c te d  b y  s u b s t i tu t in g  
v a r ia b le  in  q u e r y  p a t te rn s ;  a n d  A S K  re tu rn s  a n  R D F  g r a p h  th a t  d e s c r ib e s  th e  r e s o u r c e s  
fo u n d .  T h e  r e s u l t in g  R D F  g r a p h  c a n  b e  p r e s e n te d  b y  u s in g  th e  R D F / X M L  o r  N 3  fo r m a t  
[ A n t o  0 9 , G u t i  0 9 ] .  S P A R Q L  p r o v id e s  o n ly  r e t r i e v a l  fu n c t io n a l i t y  w i th o u t  c a p a b i l i t i e s  o f  
u p d a te  ( c r e a t io n ,  u p d a te ,  d e l e t i o n ) .  S P A R Q L  d o e s  n o t  s u p p o r t  r e a s o n in g - b a s e d  s e m a n t ic  
m a t c h in g ,  i . e . ,  i t  d o e s  n o  s u p p o r t  R D F  s c h e m a  b a s e d  r e a s o n in g  [ A n t o  0 9 , G u t i  0 9 ] .
S ta n d a rd  s e r v ic e - b a s e d  a c c e s s  m e c h a n is m s  f o r  R D F  d a ta  h a v e  b e e n  ta k e n  u p  b y  s o m e  
c o m m u n i t y  o r g a n is a t io n s ,  su ch  a s  th e  D a ta b a s e  A c c e s s  a n d  In t e g r a t io n  S e r v i c e  W o r k ­
in g  G r o u p  ( D A I S - W G )  in  th e  O p e n  G r id  F o r u m  ( O G F ) .  T h e  D A I S - W G  s p e c i f i c a t io n ,  
W S - D A I ,  p r o v id e s  a d v a n c e d  R D F ( S )  q u e r y  fa c i l i t i e s ,  in c lu d in g  th e  s u p p o r t  o f  d is t r ib u t e d  
R D F  q u e r ie s .  W S - D A I  a l l o w s  in d i r e c t  a c c e s s  t o  R D F ( S )  d a ta , w h ic h  c r e a t e s  in t e r m e d ia t e  
r e s u lts  a n d  d e l i v e r s  th e m  t o  th e  d is t r ib u t e d  q u e r y  p r o c e s s  [G u t i  0 9 ] .
T h e  p e r fo r m a n c e  o f  S P A R Q L  is  le s s  e f f i c i e n t  th a n  S Q L  la n g u a g e  [ B i z e  0 9 c ,  B i z e  0 8 ] .  
C o m p r e h e n s iv e  m e a s u r e s  a n d  e m p i r i c a l  r e s u lts  h a v e  b e e n  p r o v id e d  b y  p r e v io u s  r e s e a r c h , 
s u c h  as th e  B e r l in  S P A R Q L  B e n c h m a r k 46, w h ic h  s h o w s  S Q L  is  s ig n i f i c a n t  fa s t e r  th a n
38Falcons: http://iws.seu.edu.cn/services/falcons/objectsearch/index.jsp
39SW S E : http://swse.deri.org/
40S w oog le : http://swoogle.umbc.edu/
S i n d i c e :  h t t p :/ / s in d ic e . c o m /
42Watson: http://watson.km i.open.ac.uk/WatsonWUI/
4 jD Bpedia : http://en.wikipedia.org/wiki/DBpedia
44R evyu : http://revyu.com/
45S P A R Q L  Q uery Language fo r  R D F : http://www.w3.org/TR/rdf-sparql-query/
46B erlin  S P A R Q L  Benchmark: http://www4.wiw iss.fu-berlin.de/bizer/BerlinSPARQLBenchm ark/
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S P A R Q L  in  q u e r y  (d a t a  l o a d in g ,  a n d  s u p p o r t in g  m u l t ip le  c l i e n t s )  [ B i z e  0 9 c ] .  M o r e o v e r ,  
in  m o s t  c a s e s ,  th e  q u e r y  s t a te m e n ts  o f  S P A R Q L  a r e  m o r e  c o m p le x  th a n  S Q L  a n d  h a r d e r  
t o  in t e r p r e t  [ B i z e  0 9 c ,  B i z e  0 8 ] ,
B e s id e s  S P A R Q L - q u e r y  is s u e s ,  r e s e a r c h  c h a l le n g e s  f o r  L in k e d  D a ta  in c lu d e  b u t  a r e  
n o t  l im i t e d  to : h o w  t o  a n s w e r  e x p r e s s i v e  q u e r ie s  a g a in s t  th e  W e b  o f  D a t a  b y  o n - t h e -  
f l y  l in k  t r a v e r s a l  o r  f e d e r a t e d  q u e r y in g  in  a  t im e l y  fa s h io n  [ B i z e  0 9 b ] ;  h o w  t o  d e t e c t  th e  
d e a d  l in k s  w h e n  th e  o b je c t s  a r e  n o  l o n g e r  m a in ta in e d  a n d  d e t e c t  p o t e n t ia l  l in k s  w h e n  
n e w  e n t i t ie s  a r e  b e in g  a d d e d  [ V o l z  0 9 , H a s s  0 9 , A u e r  0 9 ] ;  h o w  t o  in t e g r a t in g  m u l t ip l e  
d a ta  i t e m s  r e p r e s e n t in g  th e  s a m e  r e a l - w o r ld  o b j e c t  in t o  a  s in g le ,  c o n s is t e n t ,  a n d  c le a n  
r e p r e s e n ta t io n  [ B l e i  0 8 ] ;  h o w  t o  e n s u r e  th e  d a ta  m o s t  r e le v a n t  o r  a p p r o p r ia t e  t o  a  u s e r ’ s 
n e e d s  a r e  id e n t i f i e d  a n d  m a d e  a v a i l a b l e  [ B i z e  0 9 a ] ;  h o w  t o  r e p r e s e n t  th e  p r o v e n a n c e  a n d  
t ru s tw o r th in e s s  o f  d a ta  d r a w n  f r o m  m a n y  s o u r c e s  in t o  a n  in t e g r a t e d  v i e w  [B e r n  0 6 ] .
T h e  L in k e d  D a ta  m o d e l  a d d r e s s e s  m a n y  s im i la r  is s u e s  to  th e  b in d in g  s e r v i c e .  B u t  th e  
t w o  d e s ig n s  a r e  d i f f e r e n t  in  v a r io u s  a s p e c ts ,  s u c h  a s  d a ta  s tru c tu re , b in d in g  r e p r e s e n ta t io n ,  
s t o r a g e  a n d  s e a r c h  m e c h a n is m s .  In  C h a p t e r  8 , d e t a i l e d  c o m p a r is o n s  o f  th e  t w o  a p p r o a c h e s  
w i l l  b e  p r e s e n te d .
3 . 2 . 4  C o n c l u s i o n
T a b le  3 .2  s u m m a r ie s  th e  d a t a - r e f e r e n c e  a p p r o a c h e s  p r e s e n t e d  in  th is  s e c t io n .
T a b le  3 .2 :  S u m m a r y  o f  R e la t e d  W o r k  o n  D a ta  R e f e r e n c e  A p p r o a c h
Method Examples System Features Lim itations
W e b 2 .0  D a ta  M a s h u p M a s h M y D a t a ,
M a p tu b e
A g g r e g a t e  d is t r ib u t e d  w e b  d a ta . 
R u n t im e  d a ta  r e t r ie v a l .
P r o v i d e  n e w  v i e w s  o f  in fo r m a t io n .
N o t  u s e  g l o b a l l y  u n iq u e  ID s .  
In e f f i c i e n t  a g g r e g a t io n  p ro c e s s .  
N o t  s u p p o r t  r e s o u r c e  v a l id a t io n .
R u le - b a s e  D a ta  
S y s te m
iR O D S D a ta  a re  g l o b a l  u n iq u e  id e n t i f ia b le .  
S h a r a b le  a g g r e g a t e d  in fo r m a t io n .  
S u p p o r t  d a ta  in t e n s iv e  a p p lic a t io n s .
C o m p le x ,  n o n - s c a la b le  r u le  s p a c e .  
D i f f i c u l t  t o  m a in ta in  c o n s is t e n c y .
L in k e d  D a ta D B p e d ia ,
T a b u la to r
S u p p o r t  s h a r in g ,  r e u s e  v a r io u s  w e b  
d a ta  w h ic h  a r e  id e n t i f ia b le  b y  U R I s .
C o m p le x  R D F  m o d e l l in g .  
I n s u f f ic ie n t  q u e r y  s u p p o r t .
W e b 2 . 0  D a t a  M a s h u p s  fo c u s  o n  e a s y  a n d  fa s t  c o n s t r u c t io n s  o f  d a ta  v is u a l is a t io n  in ­
t e r fa c e s ,  a n d  s u p p o r t  r u n t im e  d a ta  r e t r ie v a l  f r o m  v a r io u s  r e s o u r c e s .  H o w e v e r ,  th e  i m ­
p le m e n t a t io n  o f  a  m a s h u p  is  o f t e n  a g a in s t  a  f i x e d  s e t  o f  d a ta  r e s o u r c e s ,  a n d  p r o v id e s  
o n l y  b a s ic  d a t a - r e f e r e n c e  b e h a v io u r s ,  f o r  e x a m p le ,  n o r m a l l y  th e r e  is  n o  v a l id a t i o n  m e c h a ­
n is m s  t o  c h e c k  th e  a c c e s s ib i l i t y  o f  d is t r ib u t e d  d a ta  r e s o u r c e s .  iR O D S  is  a n  a d v a n c e d  D a t a  
G r id  s y s t e m  w h ic h  s u p p o r ts  a u t o m a t ic  e x e c u t io n s  o f  u s e r - d e f in e d  c o n s t r a in t  r u le s  a n d  u s e s  
m ic r o - s e r v i c e s  t o  r e f e r e n c e  d a ta  f r o m  d is t r ib u t e d  s t o r a g e  s y s te m s .  U n l ik e  th e  b in d in g  s e r ­
v i c e ,  i R O D S  d o e s  n o t  a d d r e s s  th e  is s u e s  th a t  s t o r a g e  s y s t e m s  a r e  b e y o n d  th e  f u l l  c o n t r o l  o f  
th e  iR O D S  s y s te m . T h e  L in k e d  D a t a  a p p r o a c h  a d d r e s s e s  m a n y  s im i la r  is s u e s  t o  th e  b in d -
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in g  s e r v ic e .  H o w e v e r ,  th e  b in d in g  s e r v i c e  im p le m e n t s  a  d i f f e r e n t  a p p r o a c h . T h e  d e s ig n  o f  
th e  b in d in g  s e r v i c e  w i l l  b e  p r o v id e d  in  C h a p t e r  5 . A f t e r  th a t, a  d e t a i l e d  c o m p a r is o n  o f  th e  
L in k e d  D a t a  m o d e l  a n d  th e  b in d in g  s e r v i c e  m o d e l  w i l l  b e  p r e s e n te d  in  C h a p t e r  8 .
3.3 Related Technologies
T h is  s e c t io n  in t r o d u c e s  t e c h n o lo g i e s  u s e d  in  d e s ig n  o r  b u i ld in g  th e  b in d in g  s y s te m , in ­
c lu d in g  t a g g in g  a n d  C lo u d  t e c h n o lo g y .
3 .3 .1  T a g g i n g  T e c h n o l o g y
In  th e  a b o v e  e x a m p le s ,  t a g g in g  h a s  b e e n  n o t e d  a s  an  e f f i c i e n t  a n n o ta t io n  s t r a t e g y .  T h e  
p r o p o s e d  b in d in g  s y s t e m  a d o p ts  th e  t a g g in g  a p p r o a c h  f o r  b in d in g  a n n o ta t io n s .  T h is  s u b ­
s e c t io n  r e v i e w s  e x i s t in g  r e s e a r c h  e f f o r t s  in  th e  a re a .
A l t h o u g h ,  th e  u s e  o f  f r e e - f o r m  l a b e l l in g  th r o u g h  t a g g in g  m a y  a p p e a r  l ik e  a  r e c ip e  f o r  
d is a s te r , s u r p r is in g ly  it  h a s  tu rn e d  in t o  o n e  o f  th e  s ig n i f i c a n t  t r e n d s  o n  th e  w e b  [C h i  0 8 ] ,  
T h e  s u c c e s s  o f  W e b 2 . 0  t a g g in g  s y s te m s , D e l i c i o u s 4 7  -  a  w e b  b o o k m a r k  s y s te m , F l i c k r 48  -  
a  w e b  p h o t o  s y s t e m ,  Y o u T u b e 4 9  -  a  w e b  v i d e o  s y s te m , a n d  C i t e U L i k e 50  -  a n  a c a d e m ic  p a ­
p e r  c i t a t io n  s y s t e m ,  h a s  c o n f i r m e d  th e  u s a b i l i t y  o f  t a g s  in  a n n o ta t io n ,  c a t a lo g u in g ,  s e a r c h  
a n d  s c a la b le  p r o c e s s in g .  T a g g in g  p r o v id e s  a n  e f f e c t i v e  a n d  f l e x i b l e  a n n o ta t io n  a n d  s e a r c h  
m e c h a n is m  w h ic h  is  s u it a b le  f o r  l a r g e  a n d  h e t e r o g e n e o u s  d a ta  d i s c o v e r y  in  a  d is t r ib u t e d  
c o m p u t in g  e n v ir o n m e n t .
T a g s  m a y  b e  a m b ig u o u s ,  a n d  a r e  o f t e n  in c o r r e c t l y  a p p l ie d .  H o w e v e r ,  b e in g  a  p o w e r  
l a w  p h e n o m e n o n  [ D e l l  0 8 , H a lp  0 7 ] ,  o v e r  t im e ,  t a g s  c a n  s l o w l y  s t a b i l is e  t o  a  p a t te rn  
[ G o l d  0 5 ,  H a lp  0 7 ] ,  a n d  a  l o o s e  c a t e g o r is a t io n  s y s t e m  f o r  r e s o u r c e s  w i l l  e m e r g e .  V o c a b ­
u la r y  th a t  o r g a n ic a l l y  g r o w s  f r o m  a  d iv e r s e  s e t  o f  u s e r s  h a s  b e e n  d e s c r ib e d  a s  a  ‘ f o lk s o n -  
o m y ’ [W a l  0 7 , V o s s  0 7 ] .  G o ld e r  a n d  H u m b e r m a n  o b s e r v e  th e  d a ta  r e s o u r c e s  o f  d e l i c io u s ,  
a n d  s h o w  s u c h  s t a b i l is a t io n  p a t te rn s  in  w h ic h  th e  p r o p o r t io n  o f  e a c h  t a g  is  a  f i x e d  p e r c e n t ­
a g e  o f  th e  t o t a l  f r e q u e n c y  o f  a l l  t a g s  u s e d . T h e  p h e n o m e n o n  h a s  b e e n  in t e r p r e t e d  b y  th e  
s t o c h a s t ic  P o l y a  u m  m o d e l ,  w h ic h  c a n  b e  i l lu m in a t e d  b y  a  s im u la t io n  u s in g  an  u rn  a n d  
b a l ls .  In  it s  s im p le s t  f o r m ,  th e  s t o c h a s t ic  p r o b a b i l i s t i c  m o d e l  c o n s is t s  o f  a n  u m  in i t i a l l y  
c o n t a in in g  t w o  b a l ls ,  a  r e d  b a l l  a n d  a  b la c k  b a l l .  In  e a c h  s te p  o f  th e  s im u la t io n ,  a  b a l l  is  
r a n d o m ly  s e le c t e d  f r o m  th e  u m  a n d  r e p la c e d  in  th e  u m  a lo n g  w i t h  an  a d d i t io n a l  b a l l  o f  th e  
s a m e  c o lo u r .  A f t e r  a  l a r g e  n u m b e r  o f  d r a w s  th e  f r a c t io n  o f  th e  b a l ls  w i th  th e  s a m e  c o lo u r  
s t a b i l is e s ,  th o u g h  th e  f r a c t io n s  c o n v e r g e  t o  r a n d o m  l im i t s  in  e a c h  r a n  o f  th e  s im u la t io n  
[ G o l d  0 5 ] ,
47D elic ious: w w w .delic iou s.com
48FIickr: http://www.flickr.com/
49YouTube: youtube.com
50C iteU L ik e : C iteU L ik e .o rg
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G o ld e r  a n d  H u m b e r m a n  a ls o  in d ic a t e  th e  s t a b i l is a t io n  m ig h t  b e  d u e  t o  th e  im i t a t io n  
b e h a v io u r  o f  u s e r s  in  th a t  t h e y  t e n d  t o  s e le c t  t a g s  th a t h a v e  b e e n  u s e d  b y  o t h e r  u s e r s  
[ G o l d  0 5 ] .  T h e  p r in c ip l e  o f  ‘ s o c ia l  p r o o f ’ s u g g e s t s  th a t  a c t io n s  a re  v i e w e d  a s  c o r r e c t  t o  
th e  e x t e n t  th a t  o n e  s e e s  o t h e r s  d o in g  t h e m  [C i a l  0 1 ] .
T a g g in g  s y s te m s  p r o v i d e  a n  ‘ in t e l l e c t u a l  r a m p ’ [ A t k i  0 9 ]  in  th a t  a  n e w  u s e r  c a n  s ta rt 
b y  a d d in g  a  s m a l l  n u m b e r  o f  f r e e l y  c h o s e n  t a g s  w i th o u t  a n y  n e e d  t o  s tu d y  th e  c o r r e c t  
c h o i c e  o f  t a g s  o r  th e  c o r r e c t  fo r m a t .  T h e y  c a n  th e n  in c r e m e n t a l l y  le a r n  a b o u t  a n d  a d o p t  
e m e r g in g  c o n v e n t io n s  ( f r o m  ‘ f o l k s o n o m y ’ )  o r  u s e  f o r m a l l y  a g r e e d  t a g s  a d o p t e d  b y  t h e ir  
c o m m u n i t y  o r  t o p i c  s p e c ia l is t s .  T h e y  c a n  a ls o  e a s i l y  r e v i s i t  a n d  a d d  t a g s  a s  t h e y  h a v e  th e  
n e e d .
F o r  d i f f e r e n t  t a g g in g  s y s te m s ,  th e  in t e r n a l  t a g  d a ta  s t ru c tu r e  c a n  b e  d i f f e r e n t ,  i . e . ,  in  
th e  f o r m  o f  k e y - v a lu e  p a ir ,  a  l is t ,  a  b l o c k  o r  a  r e f e r e n c e .  W h e n  n e c e s s a r y ,  s e m a n t ic  a n d  
s y n t a x  c o n s t r a in t s  c a n  b e  in c lu d e d ,  i . e . ,  i t  is  p o s s ib l e  t o  u s e  o n t o l o g y  U R I s  as th e  t a g s ,  th u s  
a c h ie v in g  th e  p r e c i s i o n  o f  in t e r p r e t a t io n  o f  s e m a n t ic s ,  b u t  th e  f r e e d o m  o f  c o n s t r u c t io n  o f  
t a g g in g .  I t  is  a ls o  p o s s ib l e  t o  p r o v id e  u s e r - f r i e n d ly  f r o n t - e n d  w h ic h  a l l o w s  u s e r s  t o  s e le c t  
t a g s  f r o m  th e  t a g  s e t  d e f in e d .
T o  in i t ia t e  c o n t e n t  r e t r i e v a l ,  s o c ia l  t a g s  a r e  o f t e n  s h o w n  in  a  ta g -c lo u d ,  a  v i s u a l  d e p i c ­
t io n  o f  t a g s  in  w h ic h  th e  m o s t  p o p u la r  ta g s  a re  t y p e s e t  in  a  la r g e r  f o n t  o r  m o r e  p r o m in e n t  
c o l o u r  [C l e m  1 0 ]. T h e  r e l e v a n c e  o f  a  t a g  is  o f t e n  b a s e d  o n  th e  g l o b a l  p o p u la r i t y  o f  th e  
t a g s  in  th e  e n t i r e  n e tw o r k .  T h e  t a g -c lo u d  p r o v id e s  a  w a y  o f  n a v ig a t i o n  w h e r e  th e  q u e r y  
o n l y  u s e s  a  s in g l e  p o p u la r  w o r d  a s  th e  q u e r y  t e r m , r e s u l t in g  in  m a n y  r e t r i e v e d  o b je c t s  
[ C l e m  1 0 ],
B e s id e s  th e  t a g -c lo u d ,  m o s t  t a g - b a s e d  s y s te m s  p r o v id e  q u e r y  in t e r fa c e s  w h i c h  n o r ­
m a l l y  a p p ly  t r a d i t io n a l  in f o r m a t io n  r e t r i e v a l  (a n d  w e b  s e a r c h  e n g in e )  a p p r o a c h e s ,  a n d  
u s e  th e  s e le c t e d  t a g s  as q u e r y  t e r m  a n d  r a n k  th e  r e t r i e v a l  c o n t e n t  a c c o r d in g  t o  p o p u la r ­
i t y  o r  f r e s h n e s s  [C l e m  1 0 ], T h e  q u e r y  in t e r fa c e  u s u a l ly  a l l o w s  u s e r s  u s in g  m u l t i p l e - w o r d  
q u e r ie s  t o  d is a m b ig u a t e  t h e ir  in f o r m a t io n  n e e d s . T h e  r e la t io n s h ip  a m o n g  th e  in p u t  q u e r y  
t a g s  c a n  b e  e i t h e r  in t e r s e c t io n  o r  u n io n . F o r  e x a m p le ,  th e  q u e r y  v a r ia b le s  s u p p o r t e d  b y  
W o r d p r e s s 51, a  w e b  c o n te n t  s o f t w a r e ,  in c lu d e :  t a g _ a d d  w h ic h  r e t r ie v e s  w e b  c o n te n t s  th a t  
h a v e  A L L  o f  th e  s p e c i f i e d  t a g s ;  t a g _ i n  w h ic h  r e t r i e v e s  th e  w e b  c o n te n t s  h a v in g  A N Y  o n e  
o f  th e  s p e c i f i e d  t a g s ;  t a g _ n o t _ i n ,  w h ic h  r e t r ie v e s  th e  w e b  c o n te n t s  h a v in g  N O N E  o f  th e  
t a g s  s p e c i f i e d .
T h e  p r o p o s e d  b in d in g  s e r v i c e  a d o p ts  th e  t a g g in g  a p p r o a c h  to  p r o v id e  a  s im p le  a n d  
e f f i c i e n t  b in d in g  a n n o ta t io n  in t e r fa c e .  A  b in d in g  t a g g in g  f r a m e w o r k  w i l l  b e  d e s c r ib e d  in  
C h a p t e r  5 ( s e c t i o n  5 .1 ) .
51 W ordpress: http://wordpress.org/
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3 . 3 . 2  C l o u d  T e c h n o l o g y
T h e  C lo u d  t e c h n o lo g y  is  u s e d  a s  u n d e r p in n in g  a r c h it e c tu r e  to  p r o v id e  s c a la b i l i t y  f o r  th e  
b in d in g  s y s te m . T h is  s u b s e c t io n  in t r o d u c e s  th is  t e c h n o lo g y .
A r c h i t e c t u r e  e v o l v e s  o v e r t im e .  In  th e  1 9 6 0 s  a n d  1 9 7 0 s , th e  f ir s t  w a v e  o f  c o m p u t ­
in g  c o n s is t e d  o f  l a r g e  e x p e n s iv e ,  la b o u r - in t e n s iv e ,  m o n o l i t h i c  s e r v e r s .  In t e r n a l  r e s o u r c e s  
w e r e  p o o l e d  a n d  h e a v y  u s e  w a s  m a d e  o f  v i r t u a l is a t io n  t o  e n s u r e  th e  b e s t  u s e  o f  th e s e  v e r y  
e x p e n s iv e  r e s o u r c e s  [B e n n  0 9 ] ,  y e t ,  s u c h  v i r t u a l is a t io n  w a s  a t l o w e r  l e v e l  th a n  c o m p a r e d  
w i t h  n o w .  In  th e  1 9 8 0 s  a n d  1 9 9 0 s , w i t h  th e  r is e  o f  P C s  a n d  th e  s h r in k in g  c o s t s  o f  n e t w o r k ­
in g  a n d  c o m p u t in g  in f r a s t r u c tu r e ,  th e  c l ie n t / s e r v e r  s t ru c tu re  b e c a m e  p o p u la r  w h ic h  p r o ­
v id e d  th e  a b i l i t y  t o  s p l i t  th e  a p p l i c a t io n  t i e r  a w a y  f r o m  th e  s e r v e r  t ie r . T h is  h a s  e f f i c i e n t l y  
s u p p o r t e d  d is t r ib u t e d  c l ie n t s  r u n n in g  r ic h e r  u s e r  in t e r fa c e s  a n d  a ls o  r e d u c e d  c o s ts  b y  o f ­
f l o a d in g  th e  (u s e r  h a n d l in g )  a p p l ic a t io n  w o r k lo a d s  f r o m  m o n o l i t h i c  s e r v e r s  [B e n n  0 9 ] .  In  
th e  2 0 0 0 s, a s  d a ta c e n t r e s 5 2  s ta r t e d  t o  f i l l  u p  a n d  p o w e r ,  s p a c e  a n d  c o o l i n g  b e c a m e  m o r e  
a n d  m o r e  e x p e n s iv e ,  c o n c e p t s  s u c h  a s  G r id  C o m p u t in g  b e g a n  to  b e  e s t a b l is h e d  t o  e n ­
a b le  s e r v i c e s  a n d  r e s o u r c e s  s h a r in g  a m o n g  v ir t u a l  o r g a n is a t io n s  [B e n n  0 9 ] .  A n d  in  r e c e n t  
y e a r s ,  C l o u d  C o m p u t in g  ta k e s  th e s e  c o n c e p t s  fu r th e r  b y  o f f e r i n g  m u c h  m o r e  s im p l i c i t y  in  
u s e  a n d  d e p lo y m e n t ,  a n d  m o r e  a u to m a te d  d y n a m ic  r e s o u r c e  a n d  w o r k lo a d  m a n a g e m e n t  
p r a c t ic e s  [G r o s  0 8 , B e n n  0 9 ] .
In  a  C lo u d ,  d a ta  a n d  c o m p u t in g  a r e  c o - l o c a t e d  a t a  c e n t r a l i s e d  s e r v e r  fa r m  o r  a  d a ta ­
c e n t e r  a n d  a c c e s s e d  a s  w e l l - d e f in e d  s e r v ic e s  [S z a l  0 9 ] .
W h e n  a  C lo u d  is  m a d e  a v a i la b le  in  a  p a y - a s - y o u - g o  m a n n e r  t o  th e  g e n e r a l  p u b l ic ,  i t  is  
s o - c a l l e d  as a  P u b l i c  C lo u d  [ A r m b  0 9 ] ;  th e  s e r v i c e  b e in g  s o ld  is  U t i l i ty  C o m p u t in g .  I t  c a n  
b e  d i v id e d  in t o  th r e e  l e v e l s  o f  s e r v i c e  o f f e r in g :  S e r v i c e - a s - a - S e r v i c e  ( S a a S )  w h ic h  d e l i v e r s  
a p p l ic a t io n s  a s  s e r v i c e ,  P la t f o r m - a s - a - S e r v i c e  (P a a S )  w h ic h  d e l i v e r s  a p p l i c a t io n  d e v e l o p ­
m e n t  a n d  d e p lo y m e n t  p la t f o r m  as s e r v i c e ;  a n d  In f r a s t r u c tu r e - a s - a - S e r v ic e  ( la a S )  w h ic h  
d e l i v e r s  h a r d w a r e  ( s e r v i c e ,  s t o r a g e ,  a n d  n e t w o r k )  a n d  a s s o c ia t e d  s o f t w a r e  ( o p e r a t in g  s y s ­
t e m s  v i s u a l i s a t i o n  t e c h n o lo g y ,  f i l e  s y s t e m )  as a  s e r v ic e .  E x a m p le s  o f  P u b l i c  C lo u d  i n ­
c lu d e ,  A m a z o n  E la s t ic  C o m p u t e  C lo u d  (E C 2 ) 53  a n d  S im p le  S t o r a g e  S y s t e m  ( S 3 ) 54, F l e x -  
i s c a l e 55, A p p N e x u s 56, N e w S e r v e r s 57, J u n g le D is k 58, a n d  E la s t ic H o s t s 59. R e s e a r c h  c h a l ­
l e n g e s  in  th is  a r e a  in c lu d e  u t i l i t y  c o m p u t in g  a n d  e c o n o m ic  m o d e ls  [ A r m b  0 9 , B u y y  0 8 ] ,
52 A  datacentre or data centre, (a lso ca lled  a server farm ), is known as a fa c ility  used to house computer
systems and associated components.
53A m azon  Elastic Com pute C lou d (E C 2 ): http://aws.amazon.com/ec2/
54A m azon  S im ple Storage System  (S 3 ): http://aws.amazon.com/s3/
55F lex isca le: http://www.flexiscale.com/
56A ppN exu s: http://www.appnexus.com
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F ig u r e  3 .4 :  A  C lo u d  M o d e l
in t e r o p e r a b le  in t e r a c t io n  a n d  v i r t u a l i s a t io n  [H a r m  0 9 ] ,  p l a t f o r m  c o m p u t in g  a n d  d y n a m ic  
p r o v i s i o n in g  [B e n n  0 9 , B la n  0 9 ] .
A  P r iv a t e  C lo u d  r e f e r s  t o  in t e r n a l  d a ta c e n t e r s  o f  a n  o r g n is a t io n ,  n o t  m a d e  a v a i la b le  
t o  th e  g e n e r a l  p u b l ic .  E x a m p le s  o f  P r iv a t e  C l o u d  in c lu d e  G r a y W u l f  [ S z a l  0 0 b , S z a l  0 9 ] ,  
O p e n C ir r u s  [C a m p  0 9 ] ,  G o o g l e  F i l e  S y s t e m  [G h e m  0 3 ] ,  a n d  B i g T a b l e  [C h a n  0 6 ] ,  T e c h ­
n o l o g i e s  f o r  b u i ld in g  P r iv a t e  C lo u d  in c lu d e  H a d o o p 60, H B a s e 61, H y p e r t a b l e 62, E u c a ­
ly p t u s 63, a n d  S e c t o r 64. A c t i v e  r e s e a r c h e s  in  th is  a r e a  a r e  a r o u n d  th e  t o p ic s  o f :  C lo u d  
d a ta b a s e  a n d  d a ta  p a r t i t io n in g  s u c h  as B i g T a b l e  [C h a n  0 6 ] ,  G r a y W u l f  [ S z a l  0 0 a ] ,  C a s ­
s a n d ra  [L a k s  0 8 ] ,  S e c t o r  [G u  0 9 ] ,  a n d  G a m m a  [ D e W i  9 0 ] ;  p a r a l l e l  p r o g r a m m in g  la n ­
g u a g e s  su ch  as G o o g l e ’ s M a p R e d u c e  p r o g r a m m in g  M o d e l  [D e a n  0 4 ] ,  Y a h o o ! ’ s P i g  L a t in  
[O l s t  0 8 ] ,  a n d  S p h e r e  [G u  0 9 ] ;  a n d  C lo u d  t e s t B e d  [G r o s  0 9 ,  N u r m  0 9 ] .  T h e  is s u e s  o f  th e  
P r iv a t e  C lo u d  a r e  o f  in t e r e s t .
A  t y p ic a l  C lo u d  m o d e l  is  d e p ic t e d  in  F i g u r e  3 .4 . A  C lo u d  n o r m a l l y  c o n s is t s  o f  a  m a s te r  
n o d e  a n d  a  s e t  o f  s la v e  n o d e s 65. A  m a s te r  n o d e  k e e p s  m e t a d a t a  o f  s t o r a g e  a n d  f i l e s ,  a n d  
is  r e s p o n s ib le  f o r  c o o r d in a t io n  a n d  m a n a g e m e n t  o f  th e  s la v e  n o d e s ,  w h i l e  th e  s la v e  n o d e s  
p r o v id e  th e  a c tu a l d a ta  s t o r a g e  a n d  d a ta  p r o c e s s in g .  E a c h  s la v e  n o d e  n o r m a l l y  c o m p r is e s  
a  d a ta  s t o r e  a n d  a  M a p / R e d u c e  p r o c e s s in g  la y e r .  D a ta  in  th e  s la v e  n o d e s  a r e  n o r m a l l y  
r e p l i c a t e d  f o r  f a i lu r e  r e c o v e r y .  C l i e n t  r e q u e s t s  a re  r e c e i v e d  b y  th e  m a s te r  n o d e  w h ic h  
fu r th e r  s e n d s  M a p / R e d u c e  ta s k s  t o  th e  s la v e  n o d e s .  T h e  s la v e  n o d e s  in v o l v e d  e x e c u t e  th e  
ta s k s  in  p a r a l l e l ,  a n d  d e l i v e r  th e  r e s u lts  t o  th e  c l i e n t  d ir e c t ly .





65 H ere, a sim ple C loud m odel is discussed. Em bedding one master in the cluster potentia lly introduces a 
single-poin t-of-fa ilure. In practice, there can be m ultiple master nodes.
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M a p / R e d u c e  is  a  p r o g r a m m in g  m o d e l  o r ig in a t e d  f r o m  F u n c t io n a l  P r o g r a m m in g  p a r a d ig m .  
I t  is  u s e d  b y  s o m e  C lo u d  f r a m e w o r k s ,  s u c h  as G o o g l e  F i l e  s y s t e m , a n d  H a d o o p ,  f o r  u s e r s  
t o  w r i t e  d is t r ib u t e d  a p p l ic a t io n s .
M a p / R e d u c e  e x p r e s s e s  a  la r g e  d is t r ib u t e d  c o m p u t a t io n  as a  s e q u e n c e  o f  d is t r ib u t e d  
o p e r a t io n s  o n  d a ta s e ts  o f  k e y / v a lu e  p a ir s .  In  th e  m a p  p h a s e , th e  f r a m e w o r k  s p l i t s  th e  
in p u t  d a ta s e ts ,  a  s e t  o f  k e y / v a lu e  p a ir s ,  in t o  a  la r g e  n u m b e r  o f  f r a g m e n t s  a n d  a s s ig n s  e a c h  
f r a g m e n t  t o  a  m a p  ta s k , a n d  a l l  th e  m a p  ta s k s  a r e  th e n  d is t r ib u t e d  a c r o s s  th e  c lu s t e r  o f  
n o d e s  o n  w h ic h  i t  o p e r a t e s .  F o r  e a c h  in p u t  k e y / v a lu e  p a ir  ( K , V ) ,  th e  m a p  ta s k  in v o k e s  
a  u s e r  d e f in e d  m a p  fu n c t io n  th a t  p r o c e s s e s  th e  in p u t  a n d  p r o d u c e s  a  r e s u l t  k e y / v a lu e  p a ir  
(.K ' , V ) .  F o l l o w i n g  th e  m a p  p h a s e  th e  s y s t e m  s o r ts  th e  in t e r m e d ia t e  d a ta s e ts  b y  k e y  a n d  
p r o d u c e s  a  s e t  o f  (K\ V’*) tu p le s  s o  th a t  a l l  th e  v a lu e s  a s s o c ia t e d  w i t h  a  p a r t ic u la r  k e y  
a r e  g r o u p e d  t o g e t h e r .  In  th e  r e d u c e  p h a s e , e a c h  r e d u c e  ta s k  p r o c e s s e s  th e  f r a g m e n t  o f  
( K ’, V ’ * )  tu p le s  a s s ig n e d  t o  it . F o r  e a c h  tu p le  i t  in v o k e s  a  u s e r - d e f in e d  r e d u c e  fu n c t io n  th a t  
t r a n s fe r s  th e  t u p le  in t o  a n  o u tp u t  k e y / v a lu e  p a ir  ( K ” , V ” ).
P r o g r a m s  w r i t t e n  in  th is  fu n c t io n a l  s t y le  a r e  a u t o m a t ic a l ly  p a r a l l e l i s e d  a n d  e x e c u t e d  
o n  a  l a r g e  c lu s t e r  o f  c o m m o d i t y  m a c h in e s  [G h e m  0 3 ] .
I n  th is  th e s is ,  o n e  o f  th e  C l o u d  t e c h n o lo g i e s ,  H a d o o p ,  is  u s e d  t o  p r o v id e  s c a la b i l i t y  
p r o p e r t i e s  f o r  th e  b in d in g  s e r v ic e .  T h e  e x p e r im e n ts  w i t h  a  H a d o o p - b a s e d  b in d in g  s t o r a g e  
w i l l  b e  p r e s e n t e d  in  C h a p t e r  6  ( s e c t i o n  6 .2 ) .
3 . 3 . 3  C o n c l u s i o n
T h is  s e c t io n  h a s  in t r o d u c e d  t a g g in g  a n d  C lo u d  a p p r o a c h .  A  s u m m a r y  is  p r o v id e d  in  T a ­
b l e  3 .3 .
T a b le  3 .3 :  S u m m a r y  o f  R e la t e d  T e c h n o lo g i e s
Method Examples System Features Challenges
T a g g in g F lic k r ,
D e l i c io u s
S u p p o r t  f l e x ib le ,  u s e - f r ie n d ly  
a n n o ta t io n  a n d  la r g e  
h e te r o g e n e o u s  d a ta  d is c o v e r y .
T a g s  a r e  n o is y ,  a m b ig u o u s .
C lo u d  C lu s te r  
M a p / R e d u c e
G F S ,
H a d o o p
S c a la b le ,  e la s t ic  u t il it y ,  c h e a p e r . 
P r o g r a m m a b le  in te r fa c e .  
S u p p o r t  p a r a l lé l is a t io n .
D a ta  a n d  c o m p u t in g  p a r t it io n in g .  
U t i l i t y  v s .  C o s t .
In te r o p e ra b i l i t y .
E x p e r i e n c e s  f r o m  b o th  W e b 2 . 0  ( e . g . ,  F l i c k r ,  D e l i c i o u s )  a p p l ic a t io n s  a n d  G r id  s y s t e m s  
( e . g . ,  A M G A ,  B i o C a t a l o g u e )  h a v e  s h o w n  th a t  t a g g in g  is  an  e f f e c t i v e  a n d  f l e x ib l e  a n n o ta ­
t io n  a n d  s e a r c h  m e c h a n is m  w h ic h  is  s u it a b le  f o r  la r g e  a n d  h e t e r o g e n e o u s  d a ta  d i s c o v e r y  
in  a  d is t r ib u t e d  c o m p u t in g  e n v ir o n m e n t .  W h i l e  C lo u d  t e c h n o lo g y  r e c e n t ly  e m e r g e s  as a  
p o s s ib l e  s o lu t io n  t o  s c a le  u p  a  s y s t e m  a rc h it e c tu re .  A  la te r  c h a p te r  w i l l  d e s c r ib e  h o w  th e  
b in d in g  s e r v i c e  m a k e s  u s e  o f  th e s e  t e c h n o lo g i e s  t o  p r o v id e  a d v a n c e d  s y s t e m  fe a tu r e s .
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T h is  c h a p te r  h a s  e x p l o r e d  p r i o r  w o r k  in  d i f f e r e n t  a re a s , in c lu d in g :  b in d in g  m a n a g e m e n t ,  
d a t a - r e f e r e n c e  m o d e ls ,  t a g g in g  a p p r o a c h e s  a n d  C lo u d  C o m p u t in g .  R e c a l l  a  p r e v io u s  c h a p ­
t e r  ( in  s e c t io n  2 .4 )  h a s  s u m m a r is e d  th e  t y p i c a l  b in d in g  s c e n a r io s  b y  g i v i n g  6  s k e t c h e d  
p ic tu r e s .  C o n s id e r in g  th e  t a r g e t  b in d in g  s c e n a r io s  a n d  a p p ly in g  th e  e x p e r i e n c e s  le a r n e d  
in  l i t e r a tu r e ,  it  m a k e s  s e n s e  t o  d r a w  o u t  th e  f o l l o w i n g  p r in c ip le s  f o r  th e  d e s ig n  o f  b in d in g  
s y s te m s :
• A  b in d in g  s y s t e m  s h o u ld  p r o v i d e  s im p le  a n d  e f f i c i e n t  a n n o ta t io n  A P I s  a s  w e l l  a s  
s u p p o r t  s e m a n t ic  d i v e r s i t y ;  ( A p p l i e s  t o  B in d in g  S c e n a r i o  1 . )
• I t  s h o u ld  b e  a b le  t o  s u p p o r t  d a ta  in t e n s iv e  a p p l ic a t io n s ,  a n d  h a n d le  l a r g e  s c a le  b in d ­
in g s ;  ( A p p l i e s  t o  B in d in g  S c e n a r i o s  2 , 3 , 5 , 6 , 7 . )
• I t  s h o u ld  p r o v id e  in t e g r a t io n  m e c h a n is m s  a l l o w in g  e a s y  a n d  e f f i c i e n t  a g g r e g a t i o n  
a n d  q u e r y  o f  v a r io u s  d is t r ib u t e d  d a ta  a n d  m e ta d a ta ;  ( A p p l i e s  t o  B in d in g  S c e n a r i o s  
2 , 3 , 5 , 6 , 7 . )
• I t  s h o u ld  p r o v id e  a  g e n e r i c  b in d in g  r e p r e s e n ta t io n  a n d  an  in d e p e n d e n t  s e r v i c e  in t e r ­
f a c e ,  w h ic h  c a n  s u p p o r t  a  w id e  r a n g e  o f  s c i e n t i f i c  a p p l ic a t io n s ;  ( A p p l i e s  t o  B in d in g  
S c e n a r i o s  1, 2 , 3 , 4 , 5 , 6 , 7 . )
• I t  s h o u ld  a l l o w  th e  a g g r e g a t e d  in f o r m a t io n  t o  b e  e a s i l y  a n d  e f f i c i e n t l y  s h a r e d  a n d  
r e u s e d . ( A p p l i e s  t o  B in d in g  S c e n a r i o s  4 , 5 , 6 , 7 . )
In  C h a p t e r  5 , a  n o v e l  a p p r o a c h  t o  in d e p e n d e n t  b in d in g  m a n a g e m e n t  is  in t r o d u c e d  
th a t  c o m b in e s  d a t a - r e f e r e n c e  a n d  t a g g in g  a p p r o a c h e s ,  w h ic h  c a n  b e  w i d e l y  a p p l i c a b le  t o  
v a r io u s  e - S c i e n c e  a p p l ic a t io n s .  T h e  n e x t  c h a p te r  d is c u s s e s  th e  f o r m a l  f o u n d a t io n  o f  th e  
b in d in g  s y s te m s .
3.4 Summary
C h a p t e r  4
A  F o r m a l  B i n d i n g  M o d e l
T o  im p r o v e  th e  c la r i t y  o f  th e  c o n c e p t s ,  th is  c h a p te r  d e v e lo p s  a  f o r m a l  b in d in g  m o d e l .  
T h e  c h a p t e r  is  o r g a n is e d  a s  f o l l o w s :  S e c t io n  4 .1  g i v e s  a  b r i e f  in t r o d u c t io n  o f  b a c k g r o u n d  
k n o w l e d g e  a n d  m o t iv a t io n .  S e c t io n  4 .2  d e s c r ib e s  th e  f o r m a l  b in d in g  m o d e l  c o n s is t in g  
o f  b in d in g  s t ru c tu re  a n d  b e h a v io u r a l  o p e r a t io n s .  S e c t io n  4 .3  d e f in e s  a  c o n s is t e n t  b in d in g  
m o d e l  a n d  d is c u s s  h o w  t o  d e a l  w i t h  b in d in g  fa i lu r e s .  S e c t io n  4 .4  d is c u s s e s  p o s s ib l e  u s a g e  
o f  th is  a p p r o a c h .  S e c t i o n  4 .4  s u m m a r is e s  th is  c h a p te r .
4.1 Introduction
I n  C h a p t e r  2 , a n  in f o r m a l  d e s c r ip t io n  o f  b in d in g s  h a s  b e e n  g i v e n  t o  p r o v id e  a  w a y  to  
t a lk  a b o u t  b in d in g s .  A s  s h o w n  in  C h a p t e r  3 , v a r io u s  a p p r o a c h e s  t o  m e t a d a t a  a n d  b in d in g  
m a n a g e m e n t  e x is t .  A s  y e t ,  th e r e  is  n o  f o r m a l  fo u n d a t io n  f o r  th e  m o d e l  c o n c e p t s  th a t  w o u ld  
c l a r i f y  th e  p r o b le m s  r e la t e d  t o  th e  u s e  o f  b in d in g  in  a  s c ie n t i f i c  d a ta  a n d  m e ta d a ta  c o n te x t .
T h is  c h a p te r  o f f e r s  a  f i r s t  a t t e m p t  a t a  f o r m a l  b in d in g  m o d e l  w h ic h  c a p tu re s  b in d ­
in g  c h a r a c t e r is t ic s  a n d  m a n a g e m e n t  fu n c t io n s .  A  b in d in g - o r ie n t e d  a p p r o a c h  is  p r o p o s e d ,  
w h e r e  b in d in g s  a r e  f i r s t - c la s s  c i t i z e n s  a n d  h a v e  an  e x is t e n c e  in d e p e n d e n t  o f  t h e ir  a s s o c i ­
a te d  d a ta  a n d  m e ta d a ta .  T h e  b in d in g  m o d e l  c o n s is t s  o f  f o r m a l  s t ru c tu re s  f o r  r e p r e s e n t in g  
b in d in g s  a n d  o f  b e h a v io u r a l  o p e r a t io n s  o n  th o s e  s tru c tu re s . T h e  in t e n t io n  is  t o  p r e s e n t  
th e  o v e r a l l  s h a p e  o f  th e  b in d in g  m o d e l  in  ju s t  e n o u g h  d e ta i l  t o  c l a r i f y  a n d  e x p l o r e  th e  
c o m p u t a t io n a l  p r o p e r t i e s  o f  su ch  a  m o d e l ,  a n d  fu r th e r  j u s t i f y  th e  th e s is  th a t  t o  e s ta b l is h  
a  g e n e r a l - p u r p o s e  b in d in g  m a n a g e m e n t  f r a m e w o r k  is  a  w o r t h w h i l e  a n d  f e a s ib l e  u n d e r ­
t a k in g .  W e  fo c u s  o n  th e  is s u e s  r e la t e d  t o  in d e p e n d e n t  b in d in g  m a n a g e m e n t ,  h o w e v e r  th e  
fu n d a m e n ta l  p r in c ip le s  a r e  a p p l ic a b le  t o  d e p e n d e n t  b in d in g  m a n a g e m e n t .
E x i s t in g  a p p r o a c h e s  t o  r e la t io n s h ip  m o d e l l i n g  in c lu d e :  ( 1 )  th e  a tt r ib u te  a p p r o a c h ,  
s u c h  a s  O n t o l o g y  a n d  R D F  m o d e ls  [G r u b  9 3 , T a m m  0 2 , W 3 C  0 4 ] ,  a n d  U M L  m o d e ls  
[ K i m  0 2 ,  E v a n  9 8 ] ,  w h ic h  m o d e l  a  r e la t io n s h ip  as p r o p e r t ie s  o r  a t t r ib u te s  o f  an  o b je c t
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o r  e n t i t y  a n d  fo c u s  o n  th e  s t a t ic  c h a r a c t e r is t ic s  o f  th a t r e la t io n s h ip ;  a n d  ( 2 )  t h e  f u n c t io n  
a p p r o a c h  [F a n  0 9 b ,  F a n  0 9 a ,  B o h a  0 6 ]  w h ic h  v i e w  r e la t io n s  as (p a r t ia l )  fu n c t io n s  m a p p in g  
f r o m  o n e  d o m a in  t o  a n o th e r . T h e i r  f o c u s  is  th e  d y n a m ic  a s p e c t  o f  r e la t io n s h ip s .  T h e  p r o ­
p o s e d  a p p r o a c h  in  th is  d is s e r t a t io n  ta k e s  a  d i f f e r e n t  v i e w  f r o m  th e  t r a d i t io n a l  a p p r o a c h e s :  
r a th e r  th a n  v i e w  b in d in g s  a s  a t t r ib u te s  o f  o b je c t s  o r  fu n c t io n s ,  th e  b in d in g - o r i e n t e d  a p ­
p r o a c h  t re a ts  th e  b in d in g  r e la t io n s h ip s  as f i r s t - c la s s  c i t i z e n s ,  a n d  m o d e ls  b o th  s t ru c tu ra l 
a n d  b e h a v io u r a l  c h a r a c t e r is t ic s  o f  b in d in g s .
A t  th e  a b s t r a c t  l e v e l ,  th e  b in d in g - o r i e n t e d  a p p r o a c h  c o n s id e r s  th e  b in d in g s  a s  o b je c ts  
in  th e  m o d e l .  A n  o b je c t - o r i e n t e d  d a ta  m o d e l  is  t h e r e f o r e  th e  n a tu ra l p la t f o r m  o n  w h i c h  to  
b u i ld  th e  b in d in g  m o d e l .  A  s u b s ta n t ia l  a m o u n t  o f  t h e o r e t ic a l  r e s e a r c h  h a s  b e e n  c a r r ie d  o u t  
in  th e  a r e a  o f  o b j e c t - o r i e n t e d  p r o g r a m m in g  la n g u a g e s  a n d  d a ta b a s e s  [ A t k i  8 9 , R h o d  0 1 , 
V o s s  9 5 , L e d  8 8 , B e r t  9 6 , B e r n  0 0 ] ,  a n d  t h e o r e t ic a l  fo u n d a t io n s  h a v e  b e e n  e s ta b l is h e d .  
T h is  w o r k  e x t e n d s  p r i o r  r e s e a r c h  e n d e a v o u r s  t o  a d d r e s s  b in d in g  is s u e s .
4.2 A  Formal Binding Model
C o n s id e r  th e  c o m p u t a t io n a l  c o n t e x t  s h o w n  in  F ig u r e  4 .1 .  A  b in d in g  s e r v i c e  m a in ta in s  
p e r s is t e n t  s ta te  o f  th e  s e t  B , b u t  i t  h a s  n o  r e s p o n s ib i l i t y  t o  a n y  d a ta  in  th e  s e t  D  o r  a n y  
m e ta d a ta  in  th e  s e t  M .
F ig u r e  4 .1 : B in d in g  C o m p u ta t io n a l  C o n t e x t
S u p p o s e  th e r e  is  a  t im e - v a r y in g  s e t  B  f o r  e a c h  b in d in g  s e r v ic e .  T h e  O b j e c t - O r ie n t e d  
m o d e l  c a p tu re s  th e  h id d e n  s ta te  th a t  r e p r e s e n ts  th e  s e t  B . A n y  r e a l is a t io n s  o f  a  b in d in g  
s e r v i c e  w i l l  h a v e  s o m e  m e a n s  o f  i d e n t i f y i n g  th a t  s e r v ic e ,  e . g . ,  a  U R I  o r  a  W S - A d d r e s s in g .  
T h a t  im p le m e n t a t io n  id e n t i t y  c o r r e s p o n d s  t o  a n  id e n t i t y  o f  a n  in s ta n c e  o f  th e  o b j e c t  c la s s  
in t r o d u c e d  as p a r t  o f  th e  f o r m a l  m o d e l .  A l l  o f  th e  o p e r a t io n s  s u p p o r te d  b y  s u c h  a  b in d in g  
s e r v i c e  im p le m e n t a t io n  h a v e  t o  c o r r e s p o n d  w i t h  th e  m e t h o d s  o f  th e  o b je c t  c la s s  in t r o d u c e d
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as a  f o r m a l  m o d e l  b e lo w .  In  s u m m a r y ,  th e  O b je c t - O r ie n t e d  m o d e l  is  in t r o d u c e d  t o  c o n v e y  
th e  p e r s is t e n c e  o f  th e  s t o r e d  b in d in g s  a s  s ta te  in  th e  c la s s ’ s in s ta n c e s .
O b je c t - o r i e n t a t i o n  a s  a  p a r a d ig m  is  b a s e d  o n  f i v e  fu n d a m e n ta l  p r in c ip l e s  [V o s s  9 5 , 
L e d  8 8 , A t k i  8 9 ] :
1. E a c h  e n t i t y  o f  th e  r e a l  w o r l d  is  m o d e l l e d  as an  o b je c t  w h ic h  h a s  a n  e x i s t e n c e  o f  its  
o w n ,  m a n i f e s t e d  in  t e r m s  o f  a  u n iq u e  id e n t i f i e r  d is t in c t  f r o m  its  v a lu e ;
2 . E a c h  o b j e c t  is  e n c a p s u la t e d  in t o  a  s tru c tu re  a n d  a  b e h a v io u r ,  th e  f o r m e r  is  d e s c r ib e d  
in  t e r m s  o f  a tt r ib u te s  w i t h  a t t r ib u te  v a lu e s ,  w h ic h  t o g e t h e r  r e p r e s e n t  th e  s ta te  o f  th e  
o b je c t ;
3 . T h e  s ta te  o f  a n  o b j e c t  c a n  b e  a c c e s s e d  o r  m o d i f i e d  b y  in v o k in g  c o r r e s p o n d in g  m e t h ­
o d s ;
4 . O b je c t s  s h a r in g  th e  s a m e  s t ru c tu re  a n d  b e h a v io u r  a r e  g r o u p e d  in t o  c la s s e s ,  an  o b je c t  
c a n  b e l o n g  t o  o n e  o r  m o r e  d i f f e r e n t  c la s s e s ;
5 . A  s u b c la s s  in h e r i t s  th e  s t ru c tu re  a n d  b e h a v io u r s  (a t t r ib u te s  a n d  m e t h o d s )  f r o m  its  
s u p e r - c la s s e s .
W i t h in  th e  O b je c t - o r i e n t e d  m o d e l l i n g  f r a m e w o r k ,  s t ru c tu ra l a s p e c ts  a re  d is t in g u is h e d  
f r o m  b e h a v io u r a l  a s p e c ts ,  a n d  b in d in g  m o d e l  is  g i v e n  as a  p a ir  o f  th e  f o r m :
B  =  ( B struc, B behav)
w h e r e  s u b - m o d e l  Bstruc c a p tu r e s  th e  d a ta  c h a r a c t e r is t ic  o f  b in d in g s ,  a n d  B behav d e f in e s  
th e  b e h a v io u r a l  o p e r a t io n s  o n  th e  m o d e l  s t ru c tu re . In  th e  f o l l o w i n g ,  e a c h  c o m p o n e n t  is  
d is c u s s e d  in  tu rn .
4 .2 .1  M o d e l  S t r u c t u r e ,  Bstruc
F o r m a l  d e f in i t io n s  o f  o b j e c t  m o d e l  s tru c tu re  h a v e  b e e n  g i v e n  in  p r e v io u s  r e s e a r c h  [R h o d  0 1 , 
V o s s  9 5 , L e d  8 8 , B e r t  9 6 ] .  W e  r e v i s e  th o s e  f o r  th e  c a s e  o f  b in d in g .
G iv e n :
• A  s e t  ID  o f  s y m b o ls  c a l l e d  id e n t i f ie r s .
• A  s e t  D  o f  d a ta  o b je c t s .
• A  s e t  M  o f  m e t a d a t a  o b je c t s .
• A  s e t  A  o f  a t t r ib u te s .
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D e f in i t io n  4 .1 .  B in d in g  d a ta  m o d e l,  B snuc 
Bsiruc is  a  s e t o f  o b je c t s ,  w h e r e
( i )  E a c h  o b je c t  in  B struc ( c a l l e d  a  b in d in g  b )  h a s  an  id e n t i f i e r  id, id  e  ID',
( i i )  E a c h  b  h a s  a  r e la t io n s h ip  a t t r ib u te ,  d, w h ic h  r e p r e s e n ts  th e  o b j e c t  o d , o d e D , a n d  is
d e n o t e d  b y  a n  e x p r e s s io n  e x p rd o v e r  th e  o b je c t s  o f  D ;
( i i i )  S im i la r ly ,  e a c h  b  h a s  a  s e c o n d  r e la t io n s h ip  a t t r ib u te  m , w h ic h  r e p r e s e n ts  th e  o b j e c t
o m, o m e M ,  a n d  is  d e n o t e d  b y  a n  e x p r e s s io n  e x p rm o v e r  th e  o b je c t s  o f  M ;
( i v )  E a c h  b  m a y  h a v e  o t h e r  a tt r ib u te s  a  e A .
□
A  b in d in g ,  b, is  a  fo u r - t u p le :
<  id ,d ,m , { a o ,  a i ,  . . . , a p } >
w it h  th e  e le m e n t s  d e f in e d  as:
1 ) T h e  b in d in g  id e n t i f ie r ,  id',
2 )  T h e  r e la t io n s h ip  a t t r ib u te , d ;
3 )  T h e  r e la t io n s h ip  a t t r ib u te , m ; a n d
4 )  T h e  a tt r ib u te s  s e t, { a o ,  a\, . . . ,  ap } .
L a t e r ,  w e  u s e  d o t  n o ta t io n ,  e . g . ,  b.d , a n d  b .m ,  t o  e x p r e s s  th e  b in d in g  a t t r ib u te s .
In  g e n e r a l  th e  b in d in g  s e r v i c e  is  in d e p e n d e n t  f r o m  th e  s e r v ic e s  w h ic h  h a n d le  th e  d a ta  
a n d  m e ta d a ta .  A  r e q u ir e m e n t  f r o m  s o m e  a p p l ic a t io n s  w a s  th a t  a n n o ta t e d  r e la t io n s h ip s  
c o u ld  b e  c o n s t r u c te d ,  m a in ta in e d  a n d  u s e d  e v e n  w h e n  th e  s c ie n t is t  h a d  n o  d i r e c t  a c c e s s  t o  
th e  d a ta  o r  m e ta d a ta .  T h e r e f o r e ,  w e  d is c r im in a t e  b e t w e e n  e x p rd h o ld  in  th e  b in d in g  s t o r e
a n d  d, w h ic h  i t  r e f e r e n c e s ,  h o ld  in  s o m e  o t h e r  s t o r e .  T h e  s a m e  d is c r im in a t io n  a p p l ie s  to
m e ta d a ta  ( i . e . ,  e x p rm a n d  m ).
T h e  e x p r e s s io n  o f  d  a n d  m  is  g i v e n  b y  e x p rd a n d  e x p rm . e x p rd a n d  e x p rm a r e  p l a c e ­
h o ld e r s  f o r  s p e c i f y in g  s e m a n t ic  a n d  s t ru c tu re  d e ta i ls  o f  b in d in g s  t o  r e f e r e n c e  th e  d a ta  a n d  
m e ta d a ta ,  r e s p e c t iv e ly .  T h e  m o d e l  d o e s  n o t  s p e c i f y  t h e ir  r e p r e s e n ta t io n s .  T h e y  c a n  b e  
m u t a b le  id e n t i t i e s  o r  c o m p le x  s t ru c tu re s  th a t  r e p r e s e n t  th e  d a ta  a n d  m e ta d a ta  s tru c tu re s . 
F in d in g  a p p r o p r ia t e  r e p r e s e n ta t io n s  o f  e x p rd a n d  e x p rm th a t  t r a d e  o f f  th e  e x p r e s s iv e n e s s  
o f  s e m a n t ic s  w i t h  in t e r o p e r a b i l i t y  o f  h i g h l y  d iv e r s e  s c ie n t i f i c  d a ta  a n d  m e t a d a t a  r e m a in s  
as a  c h a l l e n g e  f o r  b in d in g  s y s te m  d e s ig n .  ( T h e  d e s ig n  o f  th e  b in d in g  s e r v i c e  a d d r e s s e s  
th is  is s u e . A  p la u s ib le  b in d in g  r e p r e s e n ta t io n  w i l l  b e  d e s c r ib e d  in  C h a p t e r  5 , s u b s e c t io n  
5 .1 .3 ) .
The definition of the binding data model is given as follows:
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T h e  r e la t io n s h ip  a t t r ib u te s  d  o r  m  m a y  b e  e m p t y  w h ic h  is  d e n o t e d  as nil.
T h e  m u lt ip l i c i t y  o f  th e  r e la t io n s h ip  b e t w e e n  d a ta  a n d  m e ta d a ta  o b je c t s  d  a n d  m  d e ­
n o t e d  b y  b in d in g s  c a n  b e  0 :0 , m :0 , 0 :n ,  a n d  m :n ,  w h e r e  m >  1 , a n d  n  >  1.
A  b in d in g  b  is  d ir e c t io n a l  s in c e  d a ta  a n d  m e ta d a ta  a re  d i f f e r e n t ia t e d .
E x a m p l e  4 .1 .  C o n s id e r  th e  E u r E x p r e s s  s y s t e m . S u p p o s e  b in d in g  b, is  c r e a t e d  t o  r e p r e s e n t  
th e  a s s o c ia t io n  o f  th e  g e n e  e x p r e s s io n  im a g e s  in  th e  S e t  D g w i t h  th e  im a g e  m e t a d a t a  in  th e  
S e t  M e . T h u s ,
bi =  < idi, '/eurexpress/im ages/im agej', ‘S E L E C T im a g e .m e ta d a ta  F R O M im a g e .m e ta d a ta .ta b le  
W H E R E im a g e J d  =  j\  { ‘b in d ing .crea tion .d a te :01  -Ja n -2 0 1 1', ‘b in d ing .a u th or:A lison ’, . . . } >
H e r e  th e  e x p r e s s io n  f o r  b ; .b  is  s p e c i f i e d  as th e  fu l l  p a th  o f  a  b i o m e d ic a l  im a g e  f i l e ,  a n d  
th e  e x p r e s s io n  f o r  b j.m  is  s p e c i f i e d  a s  an  S Q L  s ta te m e n t . T h e  b in d in g  a t t r ib u te s  a r e  u s e d  
to  a c c o m m o d a t e  th e  a n n o ta t io n s  o f  th e  im a g e .
□
E x a m p l e  4 .2 .  S t i l l  c o n s id e r in g  th e  E u r E x p r e s s  s y s t e m . T h e  b i o m e d ic a l  im a g e s  a n d  th e ir  
m e ta d a ta  c a n  b e  r e f e r e n c e d  b y  U R I s  in  o r d e r  to  a l l o w  w e b - a c c e s s .  T h u s ,  a  d i f f e r e n t  d e s ig n  
w o u ld  s p e c i f y  a  E u r E x p r e s s  b in d in g  b/ as f o l l o w s :
bi = < id j ,  http://w w w.eurexpress.org/im ages/im agej, h ttp ://w w w .eurexpress.org/query7SELECTim - 
a ge -m eta d a ta  F R O M  im a ge .m eta d a ta .ta b le  W H E R E  im a g e .Id  =  j ,  { ‘b ind ing .crea tion .d a te :01  -Jan- 
2011', ‘b in d in g .a u th or:A lison ’, . . .  } >
In  th is  c a s e ,  th e  e x p r e s s io n  f o r  b , . b  is  s p e c i f i e d  as th e  U R I  o f  a n  im a g e  f i l e ,  a n d  th e  e x ­
p r e s s io n  f o r  b j.m  is  a ls o  a  U R I  w h ic h  c o n s is t s  o f  a n  S Q L  s ta te m e n t .  T h e  b in d in g  a tt r ib u te s  
r e m a in  th e  s a m e .
□
T h e  f o r m a l  m o d e l  in t e n d s  t o  c a p tu r e  m o r e  g e n e r a l  b in d in g  r e q u ir e m e n t s  o b ta in e d  f r o m  
th e  r e a l - w o r ld  o b s e r v a t io n s .  F o r  e x a m p le ,  w h e n  e x p o  a n d / o r  e x p rm a r e  l o c a l  c o p ie s  o f  
o b je c t s ,  th e  b in d in g  d a ta  s t ru c tu re  c a n  b e  u s e d  t o  r e p r e s e n t  a  d e p e n d e n t  b in d in g .
E x a m p l e  4 .3 .  C o n s id e r  th e  N A S A  a r c h iv e  s y s t e m  P D S ,  w h e r e  b in d in g s  a r e  d e p e n d e n tly  
m a n a g e d .  A  P D S  b in d in g  bi c a n  b e  c r e a t e d  as f o l l o w s :
bi =  < idj, < ? x m l vers ion = "1 .0 ’’?><n ode> ...</node> , http://pds.nasa.gov/m ars.exptoration.1965 >
In  th is  c a s e ,  th e  e x p r e s s io n  o f  b ,-.d  is  an  X M L  f i l e ,  a n d  th e  e x p r e s s io n  o f  b/ .m  is  th e  
r e f e r e n c e  t o  th e  in f o r m a t io n  o f  th e  f i r s t  m is s io n  to  e x p l o r e  M a r s .  T h e  b in d in g  b ; h a s  an  
e m p t y  a t t r ib u te  se t.
□
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D e p e n d in g  o n  c o n c r e t e  c o m p u t a t io n a l  c o n t e x t s ,  b in d in g  a tt r ib u te s  c a n  b e  u s e d  t o  d e s c r ib e  
v a r io u s  b in d in g  r e la t e d  in f o r m a t io n .  E x a m p le  4 .1 h a s  i l lu s t r a t e d  h o w  b in d in g  a t t r ib u te s  
w e r e  u s e d  to  d e s c r ib e  b i o m e d i c a l  im a g e s .  T h e  n e x t  e x a m p le  d is c u s s e s  a  d i f f e r e n t  u s e  
c a s e .
E x a m p l e  4 .4 . C o n s id e r  a  p r o v e n a n c e  a p p l ic a t io n .  S u p p o s e  b in d in g s  a r e  c r e a t e d  t o  r e p r e ­
s e n t  th e  a s s o c ia t io n s  o f  w o r k f l o w  p r o c e s s e s  a n d  th e ir  o u tp u t  d a ta . B in d in g  a t t r ib u te s  c o u ld  
b e  u s e d  t o  s to r e  p r o v e n a n c e  a n n o ta t io n s ,  i . e . ,  { ‘ u s e r = A l i s o n ’ ( w h o ) ,  ‘ m a t e r i a l s = e m b r y o 0 2 9 ’ 
(w h a t ) ,  ‘ e x p e r im e n t = I S H ’ ( h o w ) ,  ‘ p u r p o s e = I d e n t i f y  g e n e  N R G  1 ’ ( w h y ) . }
□
T h e r e  m a y  b e  m o r e  th a n  o n e  b in d in g  b e t w e e n  a  g i v e n  p a i r  o f  d a ta  a n d  m e t a d a t a  o b je c t s  
<Od, o m> . A n d  th e r e  is  a  n e e d  t o  d is t in g u is h  th e  id e n t ic a l  b in d in g s  a n d  e q u a l  b in d in g s .  
I n  th e  f o l l o w i n g ,  s o m e  t e c h n ic a l  n o t a t io n s  a r e  t o  b e  u s e d . I f  b  =  < id , d, m , { a o ,  a\, . . . ,  
a p } > ,  id e n t {b )  d e n o t e s  th e  b in d in g  i d e n t i f i e r  id , s o  th a t  id e n t : B  ->  ID . c o n t { b )  d e n o t e s  th e  
b in d in g  c o n te n t  < d , m , { a o ,  a \ , a p } > .
D e f in i t i o n  4 .2 .  B in d in g  E q u a lit ie s .
( i )  T w o  b in d in g s  b  a n d  b ’ a r e  id e n t ic a l  i f f  i d e n t (b )=  id e n t (b ’).
( i i )  T w o  b in d in g s  b  a n d  b ’ a r e  { s h a l lo w - )e q u a l  i f f  c o n t ( b )  -  c o n t ( b ' )  ( i n  th e  s e n s e  o f  
m a t h e m a t ic a l  p a ir  e q u a l i t y ) .
( i i i )  T w o  b in d in g s  b  a n d  b '  a r e  d e e p -e q u a l  i f f  s p a n (b )  =  s p a n (b ’) ,  w h e r e  s p a n (b )  is  
o b ta in e d  f r o m  b  b y  r e p la c in g  a n y  e x p r e s s io n  o r  id e n t i f i e r  / ( i n  c o n t ( b ) )  b y  th e  v a lu e  
o f  th e  o b je c t  id e n t i f i e d  b y  / .
□
T h e  d e f in i t io n  o f  b in d in g  e q u a l i t y  c o r r e s p o n d s  t o  o b je c t s  id e n t ity , s h a l lo w -e q u a lity  
a n d  d e e p -e q u a l ity  d is c u s s e d  b y  p r e v io u s  t h e o r e t i c a l  r e s e a r c h  [ L e d  8 8 , B e r t  9 6 ,  B e r n  0 0 ] .  
I n t u i t i v e l y ,  s h a l lo w -e q u a lity  c o n s id e r s  th e  e q u a l i t y  o f  a l l  t h e  d i r e c t  a t t r ib u te s  o f  a  b in d in g ,  
a n d  d e e p -e q u a l ity  c o n s id e r s  in  a d d i t io n  t o  th e  e q u a l i t y  o f  th e  a t t r ib u te s , th e  e q u a l i t y  o f  th e  
a tt r ib u te s  o f  b in d in g  w h ic h  a r e  r e a c h a b le  b y  m e a n s  o f  r e f e r e n c e s .  T h e  r e s t  o f  th e  w o r k  
m a in ly  d is c u s s e s  s h a l lo w -e q u a lity 1.
B, D, M  m a y  b e  d is jo in t  o r  m a y  o v e r la p .  I f  B, D, M  a r e  d is jo in t  s e ts , w e  c a l l  th e  
b in d in g s  in  B  s im p le -b in d in g s .  W h e n  B, D, M  o v e r la p ,  it  r e s u lts  in  c o m p le x -b in d in g s ,
1 Managing the deep-equality can be very difficult in a heterogeneous distributed context. It has been 
studied in many research works, but the problem remains open. Verifying the deep-equality is particularly 
hard in the presence of the binding model defined, where data and metadata are managed independently at 
third-party’s sites, which are beyond the control of a binding system.
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i n c lu d in g  ( 1 )  t h e  n e s te d -b in d in g s ,  i .e .  b .d  =  b ’, th a t  is  th e  b in d in g  b  r e f e r r in g  t o  a n o th e r  
b in d in g  b ’ t h r o u g h  d ;  a n d  ( 2 )  t h e  s e l f - r e fe r e n c in g  b in d in g s ,  i .e .  b \ .d  =  bp , b „ .d =  b\,
th a t  is  a  b in d in g  c o n ta in s  c y c l e s  th a t  is ,  i t  d i r e c t l y  o r  in d i r e c t ly  m a k e s  r e f e r e n c e s  t o  i t s e l f .  
A  s im p le -b in d in g  c o n ta in s  n o  c y c l e s .
T h e  c o m p le x -b in d in g s  a r e  m o r e  e x p r e s s iv e  th a n  th e  s im p le -b in d in g s ,  i . e . ,  in  m a n y  o n ­
t o l o g y  c o n s t r u c t io n s  th e  l o g i c a l  l e v e l s  a re  n e i th e r  f la t  n o r  h ie r a r c h ic a l  b u t c i r c u la r  [F e r n  0 8 ] ,  
w h ic h  n e e d s  th e  c o m p le x -b in d in g s  f o r  d e s c r ip t io n s .  H o w e v e r ,  in  p r a c t ic e ,  c o m p le x -b in d in g s  
c a n  in c r e a s e  th e  c o m p le x i t y  o f  im p le m e n t a t io n s .  T h e  c h o ic e  is  l e f t  t o  b e  m a d e  in  th e  d e ­
s ig n  p r o c e s s .  ( A  d is c u s s io n  o f  c h o o s in g  d a ta  s t ru c tu re  f o r  th e  b in d in g  s e r v i c e  is  p r e s e n t e d  
in  s u b s e c t io n  5 .1 .3 )
4 . 2 . 2  M o d e l  B e h a v i o u r s ,  Bbehav
T h e  b e h a v io u r a l  c o m p o n e n t  o f  th e  b in d in g  m o d e l ,  B behav, p r o v id e s  a  f in i t e  s e t  o f  o p e r a ­
t io n s  a t t a c h e d  t o  th e  Bslruc. A  v a r i e t y  o f  o p e r a t io n s  c a n  b e  p r o v id e d .  F ir s t ly ,  f o u r  b a s ic  
o p e r a t io n s  a r e  in t r o d u c e d :  c re a te ,  d e le te , u p d a te  a n d  q u e ry .
F o r  c o n v e n ie n c e ,  l e t  B  d e n o t e  a  b in d in g - s e t  o b j e c t  th a t  s u p p o r ts  o p e r a t io n s  o n  a  s e t  
o f  b in d in g s ,  a n  in s ta n c e  o f  Bstruc a ls o  is  d e n o t e d  b y  B  (w i t h  c la r i f i c a t i o n  i f  th is  c o u ld  b e  
a m b ig u o u s ) .  T h u s  b  is  o f  th e  s e t  B  a n d  b  is  a  b in d in g  o b j e c t  m a n a g e d  b y  th e  b in d in g - s e t  
o b j e c t  B.
T h e  b in d in g  c r e a te  o p e r a t io n  is  s p e c i f i e d  as f o l l o w s :
D e f in i t i o n  4 .3 .  B in d in g  c r e a te  o p e r a t io n
F o r  s o m e  b in d in g  c o n t e n t  c o n t  =  <  d, m , { a o ,  a\, . . . ,  ap } > ,  b in d in g  c r e a t io n  o p e r a t io n  o n  
B  is  g i v e n  b y  B .c r e a te (c o n t )  w h ic h  g e n e r a t e s  a  u n iq u e  b in d in g  id e n t i f i e r ,  id, a n d  c r e a t e s  a 
n e w  b in d in g  b =  <  id, d, m , {  a o , a\, . . . ,  ap j  > .  T h e  r e s u lt  o f  B .c r e a te (c o n t )  is  B ' =  B  u  
{ b } ,  th u s  B e  B ’ h o ld s .
□
S im i la r ly ,  th e  d e f in i t i o n  o f  d e le te  o p e r a t io n  is  g i v e n  as:
D e f in i t io n  4 .4 .  B in d in g  d e le te  o p e ra t io n .
F o r  s o m e  b in d in g  b, b  e B , b in d in g  d e le te  o p e r a t io n  o n  B  is  g i v e n  b y  B .d e le te (b ) ,  w h ic h  
r e m o v e s  b  f r o m  B. T h e  r e s u lt  o f  B .d e le te (b )  is  B ’ =  B  \ { b } ,  th u s , 8 ’ c 8  h o ld s .
□
T h e  u p d a te  o p e r a t io n  is  a p p l ie d  t o  a  s in g le  b in d in g  o b je c t  r a th e r  th a n  th e  b in d in g  s e t  B, 
a n d  is  d e f in e d  as f o l l o w s :
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D e f in i t i o n  4 .5 .  B in d in g  u p d a te  o p e r a t io n .
F o r  b in d in g  s e t  B  =  B\ u  { b } ,  w h e r e  b  =  < id , d, m , { a o ,  a\, ■ ■ ■, aP } > ,  a n d  s o m e  b in d in g  
c o n t e n t  c o n t  =  < d ’, m ’, { a o  a\ . . . ,  a p ’} > ,  b in d in g  u p d a te  o p e r a t io n  a p p l i e d  t o  b  is  g i v e n  
b y  b .u p d a te (c o n t )  w h ic h  r e p la c e s  b  w i t h  b '  =  < id , d ’, m ’, { a o a\ a p ’} > ,  w h e r e  id e n t (b )  
=  id e n t (b ’) .  T h e  r e s u lt  o f  b .u p d a t e (c o n t )  is  B ’ =  B \U  {£ ? '} ,  th u s  b  e B  a n d  b ’ e B ’ h o ld .
□
T h e  q u e r y in g  o f  a  b in d in g  m o d e l  is  a n  o p e r a t io n  o n  th e  b in d in g  m o d e l  w i t h o u t  c h a n g in g  
it s  s ta te . In t u i t iv e ly ,  g i v e n  a  b in d in g  d a ta  s e t  B, a  q u e ry  o p e r a t io n  r e tu rn s  a  b in d in g  d a ta  s e t  
c o n s i s t in g  o f  th e  s u b s e t  o f  B  th a t  c o n fo r m s  t o  a  g i v e n  q u a l i f i c a t io n ,  c . Q u e r y  a ls o  fu n c t io n s  
a s  a  k in d  o f  p a t te rn  m a t c h in g  o p e r a t io n ,  s in c e  q u a l i f i c a t i o n  a m o u n ts  to  p a t te rn s  th a t  s e le c t  
a  s u b s e t  o f  B. B e f o r e  g i v i n g  th e  q u e ry  o p e r a t io n ,  w e  n e e d  th r e e  c o m p a r is o n  o p e r a t o r s  th a t  
c a n  b e  u s e d  in  q u e r ie s :  = = ,  =  a n d  r*.
• = =  o p e r a t o r  te s ts  f o r  b in d in g  id e n t i t y  e q u a l i t y ,  th a t  is ,  b  = =  c  e v a lu a te s  t o  t ru e  w h e n  
b  a n d  c  a r e  id e n t ic a l  ( s e e  D e f in i t i o n  4 .2 ) .
• =  o p e r a t o r  t e s ts  f o r  b in d in g  v a lu e  e q u a l i t y ,  th a t  is ,  b  =  c  e v a lu a te s  t o  t ru e  w h e n  b  
a n d  c  a r e  (s h a l lo w - )e q u a l  ( s e e  D e f in i t i o n  4 .2 ) .
• ri o p e r a t o r  te s ts  f o r  b in d in g  v a lu e  s im i la r i t y .  S im i la r i t y  c o m p a r is o n  is  u s e fu l  w h e n  
w e  n e e d  t o  l o o k  f o r  a p p r o x im a t e  r e s u lts . T h e  o p e r a t o r  c a n  b e  a n y  s im i la r i t y  m e t r ic  
i . e .  q - g r a m s ,  L e v e n s h t e in ,  J a ro  d is ta n c e ,  s u c h  th a t  b  & c  e v a lu a te s  t o  t ru e  i f  b  a n d  c  
a r e  “ c l o s e ”  e n o u g h  w.r.t. a  s p e c i f i e d  th r e s h o ld .
D e f in i t i o n  4 .6 .  B in d in g  q u e ry  o p e ra t io n .
A  q u e ry  o p e r a t io n  o n  B  is  th e  f o r m :  B .q u e r y ( f )  =  { b  \b e  B, a n d  f ( b )  h o ld  } ,  w h e r e  f  is  a  
f i r s t - o r d e r  B o o l e a n  p r e d ic a t e ,  t a k in g  th e  v a lu e  tru e  i f  [ c  0  « ( £ > ) ] ,  w h e r e  c  is  a  c o n s ta n t  o r  a  
f r e e  v a r ia b l e  ( o b j e c t  in  B ) ,  0  e { = = ,  = ,  a n d  u ( b )  is  a  fu n c t io n  ( i . e .  id e n t (b ) ,  c o n t ( b ) ,  o r  
a  u s e r - d e f in e d  fu n c t io n ) .
□
W e  a re  n o w  r e a d y  t o  g i v e  th e  s e m a n t ic s  o f  a  b in d in g  s y s te m . A  b in d in g  s y s t e m  is  a n  a u ­
t o m a t o n  w i t h  e v e n t s  as in p u t  a n d  a c t io n  a s  o u tp u t . I t  s ta rts  w i t h  B  e m p t y  a n d  fo r m s  a  l o g ­
i c a l l y  l in e a r  s e q u e n c e  o f  c re a te , d e le te  a n d  u p d a te  b in d in g s  (w h i c h  a r e  t h e m s e lv e s  a t o m ic  
o p e r a t io n s )  u p  to  th e  in s ta n c e  w h e n  th e  s e t  B  is  q u e r ie d .  I ts  t r a n s it io n s  m a y b e  c o n s t r a in e d  
in  a d d i t io n  b y  c o n s t r a in ts ,  i .e . ,  B o o l e a n  e x p r e s s io n s  s p e c i f y in g  c o n s is t e n t  c o n d i t io n s  o n  
th e  s ta te  o f  th e  b in d in g s  w.r.t. th e  p a r a m e te r s  o f  th e  o p e r a t io n  c a l l .
T h e  f o u r  b a s ic  o p e r a t io n s  ( c r e a te , d e le te , u p d a te , q u e r y )  o p e r a t io n s  a r e  s u p p o r t e d  b y  
th e  p r o p o s e d  b in d in g  s e r v ic e .  T h e  d e s ig n  s p e c i f i c a t io n s  a r e  g i v e n  in  s u b s e c t io n  5 .1 .4 .  In  
th e  f o l l o w i n g ,  w e  e x t e n d  th e  b a s ic  b in d in g  m o d e l  to  a d d r e s s  c o n s is t e n c y  is s u e s  a n d  d is c u s s  
h o w  t o  d e a l  w i t h  b in d in g  fa i lu r e s .
4.3. A Consistent Binding Model 63
4.3 A  Consistent Binding Model
D e f in i t io n  4 .1  d e f in e s  a  b a s ic  b in d in g  d a ta  m o d e l .  I t  is  im p o r ta n t  t o  n o t e  th a t  o n e  c a n ­
n o t  b u i ld  a  b in d in g  m o d e l  th a t  c o n ta in s  a n  a rb it r a r y  se t o f  b in d in g s .  T h is  le a d s  t o  th e  
d e f in i t io n s  o f  a  c o n s is t e n t  b in d in g  d a ta  m o d e l .
D e f in i t i o n  4 .7 .  C o n s is te n t  b in d in g  d a ta  m o d e l.
A  b in d in g  d a ta  m o d e l  B struc is  c o n s is te n t  i f f
( i )  Bstruc is  a  f in i t e  s e t,
( i i )  T h e  id e n t  fu n c t io n  is  in j e c t i v e  o n  Bstruc ( i . e .  t h e r e  is  n o  p a i r  o f  b, b\  s u c h  th a t  
id e n t (b )  =  id e n t (b ’) ) ,
( i i i )  T h e r e  is  a  fu n c t io n  re f(i : B struc -*■ D , w h ic h  a s s o c ia t e s  to  a  b in d in g  b  th e  o b je c t s  
r e f e r r e d  t o  b y  th e  i d e n t i f i e r  a p p e a r in g  in  its  a tt r ib u te s  d, so  th a t  f o r  a l l  b  e B struc, 
re fd (b )  = o (/, OrfCD ( i . e .  f o r  e a c h  b in d in g ,  its  r e f e r e n c e d  d  c o r r e s p o n d s  to  an  o b je c t  o f  
D)•
( i v )  S im i la r l y ,  th e r e  is  a  fu n c t io n  re fm : B struc ->  M , w h ic h  a s s o c ia t e s  t o  a  b in d in g  b  th e  
o b je c t s  r e f e r r e d  t o  b y  th e  id e n t i f i e r s  a p p e a r in g  in  its  a tt r ib u te s  m , s o  th a t  f o r  a l l  b  
e B xlruc, re fm (b )  = o m, o m e M  ( i . e .  e v e r y  r e f e r e n c e d  m  c o r r e s p o n d s  t o  a n  o b je c t  M ).
□
A  t e s t  o n  re fd ( b )  ( o r  re fm ( b ) )  p r o d u c in g  th e  o b je c t  c o r r e s p o n d in g  t o  d  ( o r  m )  im p l i e s  
th a t  th e  c o n s t r a in t  h o ld s  o n  b. A  t e s t  r e s u lt  o f  n il im p l i e s  th e r e  is  n o  c o r r e s p o n d in g  o b je c t  
o r  u n k n o w n  r e la t io n s h ip  (d e p e n d in g  o n  a p p l ic a t io n  in t e r p r e ta t io n s ) .  H o w e v e r ,  i f  t h e  te s t  
f a i l s ,  i t  m a y  o r  m a y  n o t  b e  th e  c a s e  th a t  c o n s t r a in t  is  u n s a t is f ie d .  T h e  t e s t  m a y  n o t  b e  
c o m p le t e d  d u e  to  v a r io u s  fa i lu r e s ,  e . g . ,  1 )  th e  d a ta  o r  m e ta d a ta  s it e  f a i l s ,  2 )  th e  d a ta  o r  
m e ta d a ta  s i t e  r e fu s e s  th e  a c c e s s ,  a n d  3 )  th e  n e t w o r k  fa i l s .  C o n s e q u e n t ly ,  th e  t e s t  m a y  f a i l  
t o  v e r i f y  th a t  th e  c o n s t r a in t  is  s a t is f ie d .  In  p r a c t ic e ,  o p e r a t io n s  im p le m e n t in g  re fd { b )  a n d  
re fm ( b )  s h o u ld  r e p o r t  fa i lu r e s  ( in c lu d in g  t y p e s  o f  e r r o r s )  f o r  fu r th e r  in v e s t ig a t io n .
N o t e ,  r e f d (b )  ( o r  r e f , „ (b ) )  is  d i f f e r e n t  f r o m  th e  e x p r e s s io n  e x p rd ( o r  e x p rm)  ( s e e  D e f i ­
n i t io n  4 .1 ) .  E x p r e s s io n s  e x p rd ( o r  e x p rm)  s p e c i f i e s  s tru c tu re s  a n d  r e p r e s e n ta t io n s  o f  d  ( o r  
m ),  w h ic h  is  in t e r p r e t e d  a c c o r d in g  t o  im p le m e n t a t io n  c o n te x t s .  e x p rd ( o r  e x p rm)  c a n  n o t  
v e r i f y  th e  e x is t e n c e  o f  a n  o b j e c t  e x p r e s s e d  b y  e x p rd ( o r  e x p rm).
W e  n o w  d e f in e  a d d i t io n a l  t w o  b in d in g  o p e r a t io n s  t o  s u p p o r t  th e  r e f e r e n c e  fu n c t io n s .
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L e t  T  b e  a  s e t  o f  f a i lu r e s .  T w o  g e t - o b je c t  o p e r a t io n s  p r o v id e d  b y  Bbehav a r e  g i v e n  as
Definition 4.8. Binding get-object operations.
f o l l o w s :
i )  b .g e tD ( )
i i )  b .g e t M { )
re fd (b )= o d , o d € D  
n il
e r r o r , e r r o r  e T
re fm (b )= o m , o m e  M  
n il
e rro r , e r r o r  e T
T h e  g e t - o b je c t  o p e r a t io n s  p r o v id e  th e  m e a n s  t o  c o m m u n ic a t e  w i t h  th e  d a ta  a n d  m e t a ­
d a ta  s o u r c e s  f r o m  w i t h in  th e  b in d in g  s y s te m .
T h e  c o n s is t e n t  b in d in g  d a ta  m o d e l  s p e c i f i e s  in h e r e n t  c o n s is t e n c y  c o n s t r a in t s  w h ic h  
s h o u ld  b e  e n f o r c e d  b y  a  b in d in g  s y s te m  in t e r n a l ly ,  i . e . ,  o p e r a t io n s  o n  th e  b in d in g  s y s t e m  
s h o u ld  p r e s e r v e  th e  c o n s is t e n c y  o f  th e  b in d in g  s y s t e m  th a t  is ,  i f  th e  b in d in g  s y s t e m  is  
c o n s is t e n t  w h e n  a n  o p e r a t io n  s ta rts , i t  s h o u ld  b e  c o n s is t e n t  w h e n  th e  o p e r a t io n  c o m p le t e s .  
E r r o n e o u s  s ta te s  c a u s e d  b y  s y s t e m  o p e r a t io n s  s h o u ld  b e  c h e c k e d  in c r e m e n t a l ly .
A  b in d in g  s y s t e m  w h ic h  ru n s  in  d is t r ib u t e d  e n v i r o n m e n ts  h a s  c o m p le x  d y n a m ic  b e ­
h a v io u r s .  M a in t a in in g  b in d in g  c o n s is t e n c y  is  p a r t ic u la r ly  h a rd  f o r  an  in d e p e n d e n t  b in d in g  
m a n a g e m e n t ,  w h e r e  th e  d a ta  a n d  m e ta d a ta  r e s o u r c e s  a r e  a  s e t  o f  p r e - e x i s t in g  a u t o n o m o u s  
s t o r a g e  s y s t e m s ,  e a c h  o f  w h ic h  m a n a g e s  its  o w n  d a ta  a n d  s u p p o r ts  e x e c u t in g  a u t o n o m o u s  
a p p l ic a t io n s .  T h e y  m a y  b e  u n d e r  d i f f e r e n t  o w n e r s h ip  a n d  b e y o n d  th e  c o n t r o l  o f  th e  b in d ­
in g  s y s te m . E x t e r n a l  u n k n o w n  o p e r a t io n s  c a n  c a u s e  v a r io u s  b in d in g  fa i lu r e s  a n d  l e a v e  th e  
b in d in g  s y s t e m  in  in c o n s is t e n t  s ta te s  a n d  c o n t a in in g  c o n t r a d ic t o r y  in f o r m a t io n .  R e c a l l  in  
C h a p t e r  2 , s o m e  fo r m s  o f  in c o n s is t e n c y  h a v e  b e e n  id e n t i f i e d .
In  a d d i t io n  t o  s p e c i f y in g  in t e r n a l  b in d in g  d a ta  s t ru c tu re  a n d  r e s t r ic t in g  s y s t e m  o p ­
e r a t io n  b e h a v io u r s ,  e n f o r c in g  b in d in g  c o n s is t e n c y  is  c r i t i c a l  t o  s a t is fy  v a r io u s  e x t e r n a l  
(u s e r - s p e c i f i e d )  c o n s is t e n c y  r e q u ir e m e n t s .  I t  s h o u ld  a l l o w  u s e rs  t o  d e s c r ib e  a  s e t  o f  c o n ­
s tra in ts , a n d  b in d in g  fa i lu r e s  a g a in s t  u s e r - s p e c i f i e d  c o n s is t e n c y  c o n s t r a in t s  s h o u ld  b e  d e ­
t e c t e d  w h e r e  th e y  a re  d e t e c t a b le .
In  th e  f o l l o w i n g ,  w e  p r o v id e  a  m e a n s  t o  f o r m a l i s e  th e  p r a c t ic a l  p r o b le m s  a n d  i l l u m i ­
n a te  th e  p o t e n t ia l  u s a g e  o f  a  b in d in g  s y s t e m  f o r  m a n a g in g  b in d in g  c o n s is t e n c y .
F i r s t ly ,  w e  n e e d  t o  e s ta b l is h  a  s e n s e  o f  c o r r e c t n e s s  o f  b in d in g  s ta te s . T h e  b in d in g  c o n s is ­
t e n c y  is  d e f in e d  v i a  a  C o r r e c t  fu n c t io n .
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D e f in i t i o n  4 .9 .  C o r re c tn e s s .  G i v e n  a n  in s ta n c e  o f  b in d in g  d a ta  m o d e l  B, a  d a ta  s e t  D , a n d  
m e ta d a ta  s e t  M ,  w e  in t r o d u c e  th e  C o r r e c t  fu n c t io n :  B  - * { t r u e ,  fa ls e ,  u n d e c id e d } ,  w h ic h  is  
in  p r in c ip l e  d e c id a b le  b y  e x p e r t s  in s p e c t in g  b, d, m , a n d  a , w h e r e  b e  B, d e  D , m e  M , a n d  
a e A . l t  y i e l d s  t ru e  i f f  t h e  b in d in g  is  c o r r e c t  a t th e  t im e  o f  in s p e c t io n ;  f a ls e  i f f  th e  b in d in g  
is  in c o r r e c t ,  u n d e c id e d ,  o t h e r w is e .
□
A  c o m p u t a b le  a p p r o x im a t io n  to  th e  n o t io n  o f  c o r r e c tn e s s  is  n e e d e d .  W e  u s e  ( a  s u b s e t  
o f )  f i r s t  o r d e r  l o g i c  a n d  d e v e l o p  a  b in d in g  c o n s t r a in t  la n g u a g e .  T h e  id e a  is  t o  a l l o w  u s e rs  
t o  s p e c i f y  c o n s is t e n c y  r e q u ir e m e n t s :  u n d e r  w h a t  c o n d i t io n s  th e  b in d in g  s ta te s  a r e  c o r r e c t ,  
a n d  u n d e r  w h a t  c o n d i t io n s  t h e y  a r e  n o t .  E v e r y  e x p r e s s io n  s h o u ld  b e  e x p l i c i t l y  d e f in e d ,  s o  
th a t th e  s p e c i f i c a t i o n  is  s y s t e m a t ic a l ly  a n a ly s a b le .
I n  th e  f o l l o w i n g ,  a f t e r  a  p r e l im in a r y  d e f in i t io n ,  th e  s y n ta x  a n d  s e m a n t ic s  o f  th e  b in d in g  
c o n s t r a in t  la n g u a g e  is  p r e s e n te d  t o g e t h e r  w i t h  s o m e  p r a c t ic a l  e x a m p le s .
D e f in i t i o n  4 .1 0 .  B in d in g  C o n s tra in t .  A  b in d in g  c o n s t r a in t  is  a  s t a te m e n t  w h ic h  a s s e r ts  
c o n s is t e n c y  r e q u ir e m e n t s  f o r  b in d in g  d a ta  a n d  m e ta d a ta .
□
T h e  s y n t a x  o f  th e  b in d in g  c o n s t r a in t  la n g u a g e  is  s p e c i f i e d  w i t h  B N F  n o t a t io n s  a n d  s h o w n  
in  T a b le  4 .1 .
T a b le  4 .1 :  S y n t a x  o f  th e  B in d in g  C o n s tr a in t  L a n g u a g e
I ::=  (U )  -  ( I T )
I U
u ::=  u A  w
u v  w
u o p  w
I - u
op II V A Jl 14* IA IV
E ::= 3x  E , x  e B
| I
Q ::=  V x  E , x  e B
I E____________
In  e s s e n c e ,  th e  la n g u a g e  s p e c i f i e s  th e  f o l l o w i n g  f o r m  o f  s ta te m e n ts :
V x 3 y ( A  ->  B )
T h e  la n g u a g e  in c lu d e s  th e  b o u n d e d  q u a n t i f ie r s ,  V  (u n iv e r s a l )  a n d  3  ( e x i s t e n t ia l )  q u a l ­
i f ie r s ,  w h ic h  a l l o w  o n e  t o  e x p r e s s  th e  q u e r y  o v e r  f in i t e  d o m a in s .  T h e  r e s t r ic t e d  l o g i c a l
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e x p r e s s io n s  (a , v, a n d  - > )  a r e  s u f f i c i e n t  a n d  c a p a b le  o f  e x p r e s s in g  g e n e r a l  b in d in g  c o n ­
s is t e n c y  r e q u ir e m e n t s .  T h e  la n g u a g e  d o e s  n o t  in c lu d e  o t h e r  e x p r e s s io n s ,  s u c h  a s  a l g e b r a i c  
e x p r e s s io n  ( + ,  x ,  + ) ,  a n d  s e t  e x p r e s s io n  ( c ,  c ,  g ) .  H o w e v e r ,  th e r e  is  n o  r e s t r i c t io n  t o  l im i t  
th e  la n g u a g e  n o t  t o  in c lu d e  t h e s e  e x p r e s s io n s .  T h e y  c a n  b e  a d d e d  w h e n  r e q u ir e d .
T h e  B o o l e a n  o p e r a t o r s ,  ‘ a ’ , ‘ v ’ , *->’  h a v e  th e  c o n v e n t io n a l  m e a n in g .  A  c o n ju n c t io n  o f  
e x p r e s s io n s  is  s a t is f ie d  i f  b o th  s u b - e x p r e s s io n s  a r e  s a t is f ie d ,  a  d is ju n c t io n  is  s a t is f ie d  w h e n  
a t le a s t  o n e  is  s a t is f ie d ,  a n d  a  n e g a t io n  is  s a t is f ie d  w h e n  th e  s u b - e x p r e s s io n  is  n o t  s a t is f ie d .  
T h e  im p l i e s  o p e r a t o r  *->•’  d e n o t e s  a  c o n d i t io n a l  ( i f/ t h e n )  s ta te m e n t .  T h e  h y p o th e s is  l i e s  t o  
th e  l e f t  o f  th e  a r r o w  a n d  th e  c o n c lu s io n  t o  th e  r ig h t .  T h e  o p e r a t o r ,  * = = ’ , d e n o t e s  id e n t i t y  
e q u a l i t y ;  V ,  * < ’ , * = ’ , V ,  * < ’ , * > ’ a r e  u s e d  f o r  v a lu e  c o m p a r is o n s  a n d  d e f in e d  a s  u s u a l; 
a n d  * » ’  d e n o t e s  v a lu e  s im i la r i t y .
F o r m a l ly ,  th e  s e m a n t ic s  o f  th e  b in d in g  c o n s t r a in t  la n g u a g e  is  g i v e n  b y  a n  e v a lu a t io n  
fu n c t io n :
T \  Q  -*• { t ru e ,  fa ls e ,  u n d e c id e d }
W it h  th e  b in d in g  c o n s t r a in t  l a n g u a g e ,  th e  b in d in g  in c o n s is t e n c y  p r o b le m s  id e n t i f i e d  in  
s e c t io n  2 .3  c a n  n o w  b e  f o r m a l l y  a d d r e s s e d .  T h e  f o l l o w i n g  e x a m p le s  l o o k  in t o  h o w  b in d in g  
c o n s is t e n c y  r e q u ir e m e n t s  c a n  b e  e x p l i c i t l y  d e s c r ib e d  b y  th e  c o n s t r a in t  la n g u a g e .
E x a m p l e  4 .5 .  C o n s id e r  th e  b in d in g  in c o n s is t e n c y  C a s e  1 g i v e n  in  s u b s e c t io n  2 .3 .2 .  
S u p p o s e  th e  b in d in g  S e t  B  c o n ta in s  b in d in g s  o f  th e  a s s o c ia t io n s  o f  g e n e  e x p r e s s io n  im a g e s  
in  th e  S e t  D g a n d  th e  im a g e  m e t a d a t a  in  th e  S e t  M e. L e t  e a c h  b in d in g  b , =  <  id j, d j,  m k,
{a,o, a,-1 , . . . ,  a,p}> , w h e r e  d j  r e f e r s  t o  th e  im a g e  f i l e s ,  a n d  m k r e f e r s  t o  th e  im a g e  m e ta d a ta .
U s in g  th e  b in d in g  c o n s t r a in t  la n g u a g e ,  th e  c o n s is t e n c y  r e q u i r e m e n t  f o r  b in d in g s  b,- c a n  b e  
d e f in e  as t w o  c o n s t r a in t  s ta te m e n ts ,  C j  a n d  C 2 :
C \: V b , b iB ,  ( refd(b )  *  n i l )  -»■ ( refm(b )  *  n il)
C 2: V b , b eB , ( refm(b )  *  n i l )  -»• ( refd(b )  + n il )
T h e  fu n c t io n  re fd ( b )  g e t s  th e  g e n e  e x p r e s s io n  im a g e s  in  th e  im a g e  d i r e c t o r y ,  a n d  
re fm( b )  r e t r i e v e s  th e  im a g e  m e ta d a ta  f r o m  th e  m e ta d a ta  ta b le .
T h u s  C i  s ta te s : f o r  e v e r y  b in d in g  in  th e  b in d in g  s to r e ,  i f  th e  a s s o c ia t e d  g e n e  e x p r e s s io n  
im a g e  e x is t s ,  th e  im a g e  m e ta d a ta  r e c o r d  s h o u ld  e x is t s .
S im i la r l y ,  C 2 s ta te s : f o r  e v e r y  b in d in g  in  th e  b in d in g  s to r e ,  i f  th e  a s s o c ia t e d  im a g e  
m e ta d a ta  r e c o r d  e x is t s ,  th e  im a g e  s h o u ld  e x is t .
A  v e r i f i c a t i o n  p r o g r a m  c h e c k in g  w i t h  C i  a n d  C 2 c a n  d e t e c t  im a g e s  w i t h o u t  m e ta d a ta  
r e c o r d ,  o r  th e  m e ta d a ta  r e c o r d  w i t h o u t  im a g e s .
□
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E x a m p l e  4 .6 .  C o n s id e r  th e  b in d in g  in c o n s is t e n c y  C a s e  2  in  s u b s e c t io n  2 .3 .2 .
S u p p o s e  th e  b in d in g  S e t  B  c o n ta in s  b in d in g s  b,-, th e  a s s o c ia t io n s  o f  th e  g e n e  e x p r e s s io n  
im a g e s  in  S e t  D g w i t h  th e  t e m p la t e  r e c o r d s  in  S e t  M t , a n d  b in d in g s  b , ’, th e  a s s o c ia t io n s  
o f  th e  g e n e  e x p r e s s io n  im a g e s  in  D g w i t h  th e  I S H  r e c o r d s  in  S e t  M e . T h u s ,  b, =  < id i, d j ,  
m t , { a x  o, ax \, axpi } > ,  a n d  b, ’ =  < id , d j ,  m e, { a y o ’, ay\ a y( Pi+r)  ’ }>■  A  c o n s t r a in t  
s t a te m e n t  c a n  b e  g i v e n  as C 3 :
C 3 : V b , b e e ,  3 b ’, b 'e B , ( refd(b )  = =  refd( b ’) )  ( refm(b )  «  refm( b ’) )
C 3 s ta te s : i f  t w o  b in d in g s  a s s o c ia t e  w i t h  th e  s a m e  g e n e  e x p r e s s io n  im a g e ,  t h e ir  m e t a ­
d a ta  s h o u ld  c o n t a in  in f o r m a t io n  a b o u t  s im i la r  g e n e s .  C 3 c o n s t r a in s  e v e r y  g e n e  s y m b o ls  
u s e d  in  I S H  e x p e r im e n t s  m u s t  h a v e  a  r e la t e d  t e m p la t e  r e c o r d  d e s ig n e d  f o r  th a t  g e n e .  ( A s  
a n  e x a m p le ,  w e  a s s u m e  th e  c o m p a r is o n s  o f  g e n e  s y m b o ls  in  I S H  r e c o r d s  a n d  in  t e m p la t e  
r e c o r d s  a re  b a s e d  o n  c o n t e n t  s im i la r i t y ,  th u s  u s e  « . )
□
E x a m p l e  4 .7 .  C o n s id e r  th e  b in d in g  in c o n s is t e n c y  C a s e  3  in  s u b s e c t io n  2 .3 .2 .
S u p p o s e  th e  b in d in g  S e t  B  c o n ta in s  b in d in g s  b,-, th e  a s s o c ia t io n s  o f  th e  g e n e  e x p r e s s io n  
im a g e s  in  S e t  D g w i t h  th e  a n n o ta t io n  f i l e s  in  S e t  M a , a n d  b , ’, th e  a s s o c ia t io n s  o f  im a g e s  
in  D g w i t h  th e  d a ta b a s e  c o p y  o f  th e  a n n o ta t io n  f i l e s  in  S e t  M a . L e t  b ; =  < id j, d j ,  m a , { a x0 , 
ax \, . . . ,  axp i} > ,  a n d  b,- ’ =  < id { dj :  m a ’, { a y0 ay\ ay {p .+ r) ’} > .  S im i la r ly ,  c o n s is t e n c y  
r e q u ir e m e n t s  in  t e r m s  o f  c o n s t r a in t s  c a n  b e  s p e c i f i e d  as f o l l o w s :
C 4 : V b , beB, 3b ', b ’zB, ( refd (b )= = r e fd (b ’) )  - »  ( refm( b ) ) =  r e f ,„ (b ') )
C 4  s ta te s : i f  t w o  b in d in g s  a s s o c ia t e  w i t h  th e  s a m e  g e n e  e x p r e s s io n  im a g e ,  t h e i r  m e t a ­
d a ta  s h o u ld  h a v e  th e  s a m e  im a g e  a n n o ta t io n s .  C 4  g u a r a n te e s  th e  c o - e x i s t e n c e  o f  e a c h  
a n n o ta t io n  f i l e  a n d  its  d a ta b a s e  c o p y .
□
N o w  w e  a r e  a b le  t o  f o r m a l i s e  th e  n o t io n  o f  b in d in g  c o n s is t e n c y  c h e c k in g  p r o b le m .  
D e f in i t i o n  4 .1 1 .  A  B in d in g  C o n s is te n c y  C h e c k in g  P r o b le m  is  a  3 - tu p le :
P  = (  B, C, V )
w h e r e
• B  is  a  in s ta n c e  o f  b in d in g  d a ta  m o d e l  Bstruc;
• C  is  a  s e t  o f  c o n s t r a in t s ;
• V  is  a n  a l g o r i t h m  f o r  e v a lu a t in g  C.
□
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In  th e  b in d in g  m o d e l ,  a n  a d d i t io n a l  o p e r a t io n  c a n  b e  d e f in e d  t o  r e s o l v e  th e  b in d in g  c o n ­
s is t e n c y  c h e c k in g  p r o b le m .
D e f in i t io n  4 .1 2 .  B in d in g  V a lid a t io n  O p e ra t io n .
F o r  B , an  in s ta n c e  o f  B sm ic, w e  d e n o t e  B .ru le s  as  b in d in g  r u le  s e t  o n  B, w h ic h  c o n ta in s  
b in d in g  c o n s t r a in t  s ta te m e n ts .  A  b in d in g  v a l id a t io n  o p e r a t io n  is  g i v e n  b y  B .v a l id a te ( r u le ) ,  
w h ic h  e v a lu a te s  th e  r u le  a g a in s t  B, w h e r e  r u le  e  B .ru le s . B .v a l id a te ( r u le )  r e tu rn s  t r u e  i f f  
r u le  is  n o t  v i o la t e d ,  f a ls e  i f f  r u le  is  v i o la t e d ,  u n d e c id e d  o t h e r w is e .
□
R e l a t e d  W o r k
W e  b r i e f l y  r e v i e w  w o r k  r e la t e d  to  th e  c o n s is t e n c y  c h e c k in g .  T h e  m o s t  im m e d ia t e l y  r e ­
la t e d  w o r k  is  r e s e a r c h  o n  f e d e r a t e d  d a ta b a s e s ,  w h ic h  a d d r e s s e s  th e  p r o b l e m  o f  m a n a g ­
in g  in t e g r i t y  c o n s t r a in t s  b e t w e e n  h e t e r o g e n e o u s  d is t r ib u t e d  d a ta b a s e s .  [G u p t  9 4 ,  R u s i  9 1 , 
G u p t  9 3 , N e n t  0 1 , O le n  9 0 ]  p r o p o s e  la n g u a g e s  t o  s p e c i f y  in t e g r i t y  c o n s t r a in t s  in  a  m u l ­
t id a ta b a s e  e n v ir o n m e n t .  [B r e i  9 2 ,  B a b a  9 3 ]  g i v e  fo r m a l i s a t i o n  o f  th e  g l o b a l  c o n s is t e n c y  
c h e c k in g  p r o b le m s .  [C e r i  9 3 ,  G r e f  9 7 , R a s t  9 3 ]  p r o v id e  a p p r o a c h e s  t o  c o n s is t e n c y  m a in ­
t e n a n c e ,  f o r  e x a m p le ,  b y  u s in g  p r o d u c t io n  r u le s ,  p e r s is t e n t  q u e u e s ,  o r  c o n s t r a in t  c h e c k in g  
p r o t o c o ls .  H o w e v e r ,  th e s e  a p p r o a c h e s  a s s u m e  r e la t io n a l  d a ta b a s e s  a n d  m a in ly  d is c u s s  
h o w  to  e n fo r c e  c o r r e c t n e s s  o f  r e a l - t im e  t r a n s a c t io n s .
C o n s is t e n c y  r e q u ir e m e n t s  a r e  a ls o  s tu d ie d  in  th e  a r e a  o f  d is t r ib u t e d  d a ta b a s e  r e p l i c a ­
t io n .  [C h a r  0 2 ]  d e f in e s  a  c o n s is t e n t  s ta te  a n d  m a k e s  u s e  o f  s e l f - s t a b i l i s a t io n  t h e o r y  t o  p r o v e  
p r o p e r t ie s  o f  e v e n t u a l ly  c o n s is t e n t  s y s t e m s .  [B o s n  0 2 ]  p r o v id e s  a  f o r m a l i s m  f o r  s p e c i f y i n g  
c o n s t r a in ts  a n d  r e p r e s e n t in g  s c h e d u l in g  b a s e d  o n  a c t io n s .  B u t  th e s e  a p p r o a c h e s  f o c u s  o n  
th e  e v e n t u a l  c o n s is t e n c y  m e th o d s  f o r  d a ta b a s e  r e p l i c a t io n s  a n d  d o  n o t  s a t is fy  r e q u ir e m e n t s  
f o r  b in d in g s  c o n s is t e n c y .
T h e  w o r k  o n  c o n s is t e n c y  m a n a g e m e n t  in  o b je c t - o r i e n t e d  d a ta  m o d e ls  h a s  r e l e v a n c e  
t o  th is  w o r k .  [B e n e  9 8 , S t r a  0 3 ]  u s e  a  d e s c r ip t i v e  f o r m u la t io n  f o r  t y p e  c o n s t r a in t s  a n d  
in t e g r i t y  ru le s . [ M a l g  0 6 ]  u s e s  C o n s t r a in t  L o g i c  P r o g r a m m in g  ( C L P )  to  d e v e l o p  a  c h e c k e r  
t o  h a n d le  in c o n s is t e n c ie s  o v e r  U M L  fe a tu r e s .  H o w e v e r  th e s e  a p p r o a c h e s  fo c u s  o n  h o w  t o  
e x p r e s s  U M L  c la s s e s  a n d  p r o p e r t ie s ,  w h ic h  a r e  in a p p l ic a b le  t o  th e  b in d in g  m o d e l .
T h e  p r o b le m  o f  v e r i f y i n g  c o n s t r a in t s  o n  w e b s i t e s  is  d is c u s s e d  in  [F e r n  9 9 ]  a n d  a p p l i e d  
in  [F e r n  0 0 ] .  T h e  w o r k  p r o p o s e s  a  l a n g u a g e  th a t  c a n  c a p tu r e  m a n y  p r a c t ic a l  c o n s t r a in t s  
a n d  an  a c c o m p a n y in g  v e r i f i c a t i o n  a lg o r i t h m .  I t  is  s p e c i f i c  t o  th e  X M L  d a ta  m o d e l ,  a n d  
c a n n o t  b e  u s e d  t o  s p e c i f y  b in d in g  c o n s t r a in ts .
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4.4 Discussion
T h e  p u r p o s e  o f  d e v e l o p in g  a  f o r m a l  b in d in g  m o d e l  is  t o  c l a r i f y  th e  c o n c e p t  o f  b in d in g s ,  
a n d  t o  e x p l o r e  t h e ir  c o m p u t a t io n a l  p r o p e r t ie s .  I t  a ls o  s e r v e s  a s  a  f r a m e w o r k  a l l o w in g  
b in d in g  p r o b le m s  id e n t i f i e d  in  r e a l - w o r ld  s itu a t io n s  t o  b e  d e s c r ib e d  p r e c is e ly .  T h e  f o r m a l  
m o d e l  is  n o t  s e m a n t i c a l l y  c o m p le t e ,  r a th e r , i t  in t e n d s  t o  b e  an  in i t ia l  e f f o r t  t o  e s ta b l is h  
a  f o u n d a t io n  th a t  c a n  b e  e x t e n d e d  b y  fu t u r e  r e s e a r c h  t o  a d d r e s s  m o r e  s p e c i f i c  c a s e s  f o r  
b in d in g s .
C o n v e n t io n a l l y ,  r e la t io n s h ip s  b e t w e e n  e n t i t ie s  a re  m o d e l l e d  as a t t r ib u te s  [G r u b  9 3 , 
T a m m  0 2 , W 3 C  0 4 ,  K i m  0 2 ,  E v a n  9 8 ]  o r  fu n c t io n s  [F a n  0 9 b , F a n  0 9 a , B o h a  0 6 ] ,  T h e  
p r o p o s e d  b in d in g - o r i e n t e d  a p p r o a c h  r e g a r d s  b in d in g s  as f ir s t - c la s s  c i t i z e n s .  I t  e x t e n d s  th e  
O b je c t - O r ie n t e d  D a t a  m o d e l  t o  d e f in e  b in d in g s  as in d e p e n d e n t  e n t i t ie s ,  a n d  m o d e ls  b o th  
s ta t ic  a n d  b e h a v io u r a l  a s p e c t s  o f  th e  b in d in g s .
T h e  f o r m a l  m o d e l  d e s c r ib e s  th e  s e m a n t ic s  o f  a  b in d in g  s y s te m , a n d  d e f in e s  a  b in d in g  
d a ta  s t ru c tu r e  a n d  a p p l i c a b le  o p e r a t io n s ,  in  o r d e r  t o  g u id e  d e s ig n  a n d  im p le m e n t a t io n s .  A  
d e s ig n  in t r o d u c e d  in  C h a p t e r  5  is  d e r i v e d  f r o m  th e s e  f o r m a l  d e s c r ip t io n s .
T h e  f o r m a l  m o d e l  u s e s  a b s t r a c t  e x p r e s s io n s  s o  as t o  in c lu d e  g e n e r a l  r e q u ir e m e n t s  f o r  
a  b in d in g  s y s t e m ,  h o w e v e r ,  i t  d o e s  n o t  r e s t r ic t  d e s ig n  c h o ic e s  -  b a s e d  o n  th e  f o r m a l  m o d e l  
th e r e  c a n  b e  d i f f e r e n t  d e s ig n s  o f  a  b in d in g  s y s te m . F o r  e x a m p le ,  b y  d e f in i t i o n ,  a  b in d in g  
is  a  fo u r - t u p le ,  <  id , d, m , { a o ,  a\, . . . ,  a p }  > , w h e r e  th e  e x p r e s s io n s  o f  d  a n d  m  a r e  d e n o t e d  
as e x p rd a n d  e x p rm, r e s p e c t i v e l y .  I n  a  p r a c t ic a l  d e s ig n ,  e x p rd a n d  e x p rm c a n  b e  c h o s e n  as 
a n y  a p p r o p r ia t e d  r e p r e s e n ta t io n s  a c c o r d in g  t o  c o n c r e t e  s y s t e m  r e q u ir e m e n t s .  In  th e  c a s e  
o f  E x a m p le  4 .1 ,  e x p rd is  r e p r e s e n t e d  b y  th e  fu l l  p a th  o f  a  m e d ic a l  im a g e  f i l e ,  a n d  e x p rm 
is  r e p r e s e n t e d  b y  a n  S Q F  s ta te m e n t .  C h a p t e r  5  d e s c r ib e s  a  d e s ig n  f o r  a  g e n e r i c  b in d in g  
s e r v ic e ,  w h e r e  e x p rd a n d  e x p rm a r e  c h o s e n  t o  b e  U R I s .  In  th e  c a s e  o f  th e  O n t o G r id  S e ­
m a n t ic  B in d in g  S e r v i c e ,  e x p rd a n d  e x p rm a re  in  th e  fo r m s  o f  Grid En tity  a n d  Knowledge 
Entity , r e s p e c t i v e l y .  In  th is  s e n s e ,  th e  S e m a n t ic  B in d in g  S e r v i c e  o f  th e  O n t o G r id  c a n  b e  
r e g a r d e d  as an  im p le m e n t a t i o n  in s ta n c e  o f  th e  p r o p o s e d  b in d in g  m o d e l .
A  fu r th e r  d e s ig n  is s u e  is  h o w  a  c o l l e c t i o n  o f  b in d in g s  is  r e p r e s e n te d  a n d  w h e t h e r  th e r e  
is  o n e  c o l l e c t i o n  o r  m a n y  c o l l e c t i o n s  in  a  b in d in g  s e r v ic e .  I n  th e  e x a m p le  im p le m e n t a t io n  
in  C h a p t e r  5 , th e  r e p r e s e n ta t io n  is  as a  r e la t io n a l  t a b le  a n d  o n l y  o n e  c o l l e c t i o n  is  m a n ­
a g e d  p e r  b in d in g  s e r v i c e .  O t h e r  b in d in g  s e r v ic e s  c o u ld  u s e  an  R D F  s t o r e  o r  h a n d le  m a n y  
c o l l e c t i o n s  w i t h  a n  e x t r a  c o l l e c t i o n  ( o b j e c t ,  t o p ic ,  e t c . )  p a r a m e te r  p e r  s e r v i c e  c a l l .
A  b in d in g  s y s t e m  th a t  im p le m e n t s  th e  b in d in g - o r ie n t e d  a p p r o a c h  w o u ld  b e  u s e d  b y  
t o o ls ,  o r  in t e g r a t e d  w i t h  o t h e r  s e r v ic e s  su ch  as d a ta  s t o r a g e  s e r v ic e ,  d i g i t a l  r e p o s i t o r ie s ,  
o r  m e ta d a ta  s e r v ic e s .  C o n s id e r  a  s e r v ic e ,  C o m p o s i t e D a t a S e r v i c e  ( C D S ) ,  w h ic h  u s e s  th e  
b in d in g  s e r v ic e s ,  t o g e t h e r  w i t h  a  f i l e  s t o r e  a n d  a  m e ta d a ta  s to r e .  S u p p o s e  v a r io u s  c o n s is ­
t e n c y  r u le s  a r e  in c lu d e d ,  a n d  th e  c o n te n t s  o f  th e  d a ta  a n d  m e ta d a ta  r e f e r e n c e d  h a v e  b e e n
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c h a n g e d .
O n  d e l i v e r y  o f  a  d a ta  i t e m  O j,  a  m e ta d a ta  i t e m  o m, a n d  u s e r - s u p p l ie d  a t t r ib u te s  A  =  
{ a o ,  a\, . . . } ,  C D S  w o u ld  m a k e  th e  f o l l o w i n g  a c t io n s :
1 ) S c a n  Od a n d  g e n e r a t e  f in g e r p r in t  fd',
2 )  S c a n  o ,„  a n d  g e n e r a t e  f in g e r p r in t  f,„;
3 )  S t o r e  O j  in  th e  f i l e  s t o r e ,  a n d  g e t  r e f e r e n c e  t o  Od as  d ;
4 )  S t o r e  o m in  th e  m e ta d a ta  s t o r e ,  a n d  g e t  r e f e r e n c e  t o  o m as  m\
5 )  S t o r e  a  b in d in g  b  w i t h  th e  b in d in g  s e r v i c e  w i t h  d, m , A  u  { f d , fm } •
W h e n  C D S  is  a s k e d  to  u s e  th e  b in d in g ,  i t  w o u ld  a c t  a s  f o l l o w s :
1 ) L o o k  u p  th e  b in d in g  b ;
2 )  R e t r i e v e  O j a n d  g e n e r a t e  f in g e r p r in t  f j  C h e c k  fd = =  f j
3 )  R e t r i e v e  o m a n d  g e n e r a t e  f in g e r p r in t  fm C h e c k  fm = =  fm
4 )  I f  e i t h e r  a r e  n o t  e q u a l ,  th e n  i t  w a r n s  th e  c a l l i n g  s e r v i c e  o r  th e  t o o l  o f  a  p o t e n t ia l  
in c o n s is t e n c y ;
5 )  I f  t h e y  a r e  e q u a l ,  th e n  r e tu rn  th e  p a r t  o f  th e  b in d in g  r e q u e s t e d .
S im i la r l y ,  th e  C D S  c o u ld  s t o r e  a  s e t  o f  c o n s is t e n c y  r u le s  d e f in e d  in  th e  b in d in g  c o n ­
s is t e n c y  la n g u a g e .  T h e n ,  it  c o u ld :
1 ) V e r i f y  th e  ru le s  p e r i o d i c a l l y  a n d  a d d  f a i lu r e  w a r n in g s  t o  b in d in g  a n n o ta t io n s  w h ic h  
a r e  p r e s e n t e d  w h e n  a  t o o l  o r  a  s e r v i c e  u s e s  it ;  o r
2 )  R u n  th e s e  c h e c k s  w h e n  a  b in d in g  is  r e q u e s t e d .
A n  im p le m e n t a t io n  e x a m p le  o f  b in d in g  v a l id a t i o n  o p e r a t io n  is  p r o v id e d  in  C h a p t e r  7 2 .
4.5 Summary
T h is  c h a p te r  h a s  p r e s e n t e d  a  f o r m a l  b in d in g  m o d e l  w h i c h  d e f in e s  th e  k e y  c o n c e p t s  a n d  
fo r m a l i s e s  b in d in g  c o n s is t e n c y  p r o b le m s  r a is e d  in  C h a p t e r  2 . B a s e d  o n  th is  c o m p u t a t io n a l  
f r a m e w o r k ,  a  s im p le  b in d in g  s y s t e m  is  d e s ig n e d  a n d  d e v e lo p e d .  C h a p t e r  5 p r e s e n ts  th e
b in d in g  s y s t e m  a n d  d is c u s s e s  is s u e s  r e la t e d  t o  s y s t e m  d e s ig n .
2Discussions about the consistency checking mechanisms and optim isation algorithm s are beyond the 
scope o f  this investigation. T h ey  w ill be postponed fo r  fo llow -o n  work.
C h a p t e r  5
A  S i m p l e  B i n d i n g  Service
C h a p t e r  4  h a s  d e f in e d  a  f o r m a l  b in d in g  m o d e l  a n d  d e s c r ib e d  th e  s e m a n t ic s  o f  a  b in d in g  
s y s te m . H o w e v e r ,  a  n u m b e r  o f  c h a l l e n g e s  f o r  s y s t e m  d e s ig n  r e m a in .  T h is  c h a p t e r  f o c u s e s  
o n  d e s ig n  is s u e s ,  a n d  d is c u s s e s  a p p r o p r ia t e  c o m p u t a t io n a l  r e p r e s e n ta t io n s  f o r  b in d in g ,  th e  
c o n s t r u c t io n  o f  a  t a g g in g  m e c h a n is m  f o r  b in d in g  a n n o ta t io n s ,  a n d  th e  s p e c i f i c a t io n  o f  o p ­
e r a t io n a l  A P I s .  T o  e v a lu a t e  th e  v i a b i l i t y  o f  th e  d e s ig n ,  a  p r o t o t y p e  s e r v i c e  is  im p le m e n t e d .
T h e  c h a p t e r  is  a r r a n g e d  a s  f o l l o w s :  th e  s p e c i f i c a t io n  o f  th e  b in d in g  s e r v i c e  a r e  p r e ­
s e n te d  in  s e c t io n  5 .1 .  S e c t io n  5 .2  d e s c r ib e s  th e  p r o t o t y p e  im p le m e n t a t io n .  S e c t io n  5 .3  
d is c u s s e s  th e  e f f e c t i v e n e s s  o f  th e  b in d in g  a p p r o a c h ,  a n d  s e c t io n  5 .4  s u m m a r ie s  th e  c h a p ­
ter.
5.1 Design
W e  a r e  d e s ig n in g  a  p r o t o t y p e  e x p e r im e n t a l  b in d in g  s e r v i c e  t o  te s t  th e  th e s is  h y p o th e s is .  
T h e  d e s ig n  c o n c e n t r a t e s  o n  s p e c i f i c  a s p e c ts  ( in c lu d in g  th e  b in d in g  r e p r e s e n ta t io n  a n d  o p ­
e r a t io n  A P I s ) ,  a n d  s e p a r a te s  th e s e  a s p e c ts  f r o m  o t h e r  c o n c e r n s  (s u c h  as s o m e  e n g in e e r in g  
d e t a i l s )  in  th e  d e v e lo p m e n t  o f  a  p r o d u c t io n  b in d in g  s y s te m , th u s  r e d u c in g  d e s ig n  c o m ­
p le x i t y .
5 .1 .1  D e s i g n  A s s u m p t i o n s
T h e  d e s ig n  o f  th e  b in d in g  s y s t e m  is  b a s e d  o n  a  n u m b e r  o f  a s s u m p t io n s :
• T h e  b in d in g  s e r v i c e s  a r e  t o  b e  u s e d  b y  v a r io u s  t y p e s  o f  u s e r - d e f in e d  a p p l ic a t io n s  in  
a  v a r i e t y  o f  c o m p u t a t io n a l  e n v ir o n m e n ts .
• F o r  d i f f e r e n t  u s e r s , d a ta  a n d  m e ta d a ta  c a n  m e a n  d i f f e r e n t  th in g s :  s o m e  u s e r s  r e g a r d  
th e  a n n o ta t io n  t e r m s  ( e . g .  c r e a t o r ,  t i t le s ,  a n d  d e s c r ip t io n s )  as th e  m e ta d a ta ,  a n d  th e  
d a ta b a s e  e n t r ie s  a s  th e  d a ta ;  s o m e  u s e r s  t r e a t  th e  d a ta b a s e  e n t r ie s  as th e  m e t a d a t a
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( e . g .  th e  b i o l o g i c a l  e x p e r im e n t a l  d a ta  p r o v id in g  th e  b a c k g r o u n d  in f o r m a t io n  o f  th e  
o u tp u t  im a g e s ,  f o r  b i o l o g i s t s ,  t h e y  a r e  th e  m e ta d a ta  o f  th e  im a g e s ) ,  a n d  th e  d i g i ­
ta l m e d ia  as th e  d a ta . T h e  c o m p u t a t io n a l  r e p r e s e n ta t io n  o f  th e  b in d in g s  s h o u ld  b e  
n e u t r a l t o  u s e r ’ s v i e w  o f  d a ta  a n d  m e ta d a ta .  N o n e t h e le s s ,  th e  d e s ig n  o f  th e  b in d ­
in g  s y s te m  u s e s  b in d in g  s u b je c t  a n d  o b je c t  t o  in d ic a t e  th e  d a ta  a n d  th e  m e ta d a ta ,  
r e s p e c t iv e ly .  D is t in c t  o n l y  in  o r d e r ,  th e  r e p r e s e n ta t io n s  o f  t h e m  a r e  e s s e n t ia l l y  th e  
s a m e .
• W h e n  in  u s e , b in d in g s  a r e  a s s u m e d  t o  b e  “ W r i t e  L e s s  R e a d  M o s t l y  ( W L R M ) ” . 
T h e r e f o r e ,  in  c e r ta in  s i tu a t io n s ,  in  o r d e r  to  o p t im is e  b in d in g - r e a d  p e r fo r m a n c e ,  
b in d in g - w r i t e  p e r f o r m a n c e  m a y  b e  s a c r i f ic e d .
• S e c u r i t y  w i l l  b e  d e a l t  w i t h  b y  c a l l s  t o  o t h e r  s e r v ic e s .  I n  r e a l i t y ,  s e c u r i t y  e f f o r t s  a re  
o f t e n  a p p l ic a t io n  a n d  o r g a n is a t io n  d e p e n d e n t ,  a n d  u s e r s  t e n d  t o  e m p l o y  t h e ir  o w n  
s e c u r i t y  p o l i c i e s .  S e c u r i t y  c a n  a d e q u a t e ly  b e  p r o v id e d  b y  th e  a p p l i c a t io n  u s in g  th e  
b in d in g  s e r v ic e .  O n c e  r e q u e s t e d ,  s e c u r i t y  fe a tu r e s  c a n  b e  a d d e d - o n  to  th e  b in d in g  
s e r v ic e ,  w h ic h  w i l l  n o t  c h a n g e  th e  d e s ig n  p r in c ip le s  s ig n i f i c a n t ly .
5 . 1 . 2  D e s i g n  O v e r v i e w
T o  d e s ig n  a  b in d in g  s y s te m , w e  n e e d  t o  c a r e f u l l y  e x a m in e  e a c h  p o t e n t ia l  s y s t e m  p r o p e r t y ,  
o n l y  a d d  n e c e s s a r y  fu n c t io n a l i t y ,  a n d  r e m o v e  c o n t r o v e r s ia l  o r  c o n f l i c t in g  e le m e n t s .  T h is  
c a n  r e d u c e  th e  in t e r n a l  c o m p u t in g  c o m p le x i t y .
T h e  b in d in g  s y s te m  s h o u ld  c o n ta in  n o  r e d u n d a n t  c o m p o n e n t  th a t  m ig h t  o v e r la p  w i t h  
a n y  s u b c o m p o n e n t s  o f  a  c o u p le d  s e r v ic e ,  o r  c o u ld  b e  p r o v id e d  b y  a  s e p a r a te  a p p l i c a t io n ,  
s u c h  a s  u s e r  a u th e n t ic a t io n ,  r e p l i c a t io n ,  o r  m o n i t o r in g  f a c i l i t i e s .  T h i s  w i l l  h e lp  i t  t o  b e  
in t e g r a t e d  w i t h  a  r a n g e  o f  a p p l ic a t io n s  w i t h  m in im a l  d i f f i c u l t i e s  in  s y s t e m s  in t e g r a t io n .
C o n s is t e n t  w i t h  th e  f o r m a l  m o d e l ,  th e  d e s ig n  o f  b in d in g  s y s t e m  fo c u s e s  o n  t w o  k e y  
c o m p o n e n t s :  a  b in d in g  d a ta  s tru c tu re , a n d  th e  o p e r a t io n  A P I s .
T h e  b in d in g  d a ta  s t ru c tu re  p r o v id e s  th e  c o m p u t a t io n a l  r e p r e s e n ta t io n  o f  th e  b in d in g s ,  
w h ic h  s h o u ld  b e  in d e p e n d e n t  o f  th e  d a ta  o r  m e ta d a ta  o b je c t s ,  th e  r e s o u r c e s ,  th e  a p p l i c a ­
t io n  e n d  p o in t  o r  th e  u n d e r ly in g  c o m m u n ic a t io n s  p r o t o c o l s  a n d  s e r v i c e  m o d e l  as f a r  as 
p o s s ib le .  I t  s h o u ld  b e  a b le  t o  s u p p o r t  h e t e r o g e n e o u s  d a ta  a n d  m e ta d a ta  r e p r e s e n ta t io n s  
a n d  c a p tu r e  th e  d y n a m ic  c h a n g e s  a m o n g  th e m .
T h e  b in d in g  o p e r a t io n  A P I s  p r o v id e  th e  b e h a v io u r a l  fu n c t io n a l i t y ,  w h ic h  s h o u ld  b e  as 
s im p le  as p o s s ib le  t o  e n s u re  s c a la b i l i t y  [C u d r  0 8 ] .  A  m in im a l  s e t  o f  b in d in g  o p e r a t io n s  a r e  
s p e c i f i e d  b a s e d  o n  th e  f o r m a l  d e f in i t io n s .  M o r e  s o p h is t ic a t e d  b in d in g  o p e r a t io n s  m a y  b e  
d e l i v e r e d  b y  t o o ls  a n d  s e r v i c e s  u s in g  th e s e  p r im i t i v e  b in d in g  fu n c t io n s .  H o w e v e r ,  i t  m a y  
n e c e s s a r y  f o r  p e r f o r m a n c e  o r  o t h e r  r e a s o n s  t o  o f f e r  s o m e  o f  th e s e  a d v a n c e d  o p e r a t io n s
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F ig u r e  5 .1 :  B in d in g  S e r v i c e  C o m m u n ic a t io n  F r a m e w o r k
f r o m  w i t h in  th e  s e r v i c e .  S u c h  e x t e n s io n s  s h o u ld  b e  in v e s t ig a t e d  o n c e  t h e y  h a v e  b e e n  
p r o v e d  n e c e s s a r y .
T h e  b in d in g  s y s t e m  is  c h o s e n  t o  b e  w e b  s e r v i c e  s t y le .  T h e  c o m m u n ic a t io n s  b e t w e e n  
th e  b in d in g  s e r v i c e  a n d  it s  c o m p u t in g  c o n t e x t s  a r e  i l lu s t r a t e d  in  F ig u r e  5 .1 . O n  th e  o n e  
e n d ,  a  d e p l o y e d  b in d in g  s e r v i c e  p e r s is t e n t ly  in t e r a c ts  w i t h  th e  a p p l i c a t io n  e n d - p o in t  a n d  
r e s p o n d s  t o  r e q u e s t s  b y  d e l i v e r i n g  c o m p u t a t io n  r e s u lts  o r  e x c h a n g in g  m e s s a g e s ;  o n  th e  
o t h e r  e n d ,  i t  is  l in k e d  ( v i r t u a l l y )  w i t h  th e  d a ta  p r o v id e r ,  th e  d a ta  s e r v ic e s ,  a n d  th e  m e ta d a ta  
p r o v id e r ,  th e  m e t a d a t a  s e r v i c e s ,  v i a  r e f e r e n c e s .
5 . 1 . 3  D a t a  S t r u c t u r e
R e c a l l  in  C h a p t e r  4 , D e f in i t i o n  4 .1  h a s  d e f in e d  th e  n o t io n  o f  b in d in g .  A c c o r d in g l y ,  a  
c o m p u t a t io n a l  r e p r e s e n ta t io n  f o r  b in d in g  is  d e r i v e d  a n d  g r a p h ic a l l y  d e p ic t e d  in  F ig u r e  5 .2 . 
T h e  p r o p o s e d  d a ta  s t ru c tu r e  f o r  th e  b in d in g  s e r v i c e  c o n s is t s  o f  a  g l o b a l  u n iq u e  id e n t i f ie r ,  
B in d in g ID , a  r e f e r e n c e  p o in t in g  t o  th e  d a ta  ( t h e  s o - c a l l e d  b in d in g  s u b je c t ) ,  a  r e f e r e n c e  o f  
th e  a s s o c ia t e d  m e t a d a t a  ( t h e  s o - c a l l e d  b in d in g  o b je c t ) ,  a n d  a  s e t  o f  t a g s  th a t  a r e  u s e d  to  
d e s c r ib e  o t h e r  a t t r ib u te s  o r  a n n o ta t e  th e  s e m a n t ic s  o f  th e  b in d in g .
F ig u r e  5 .2 :  B in d in g  S e r v i c e  D a ta  S t ru c tu r e
B y  d e f in i t i o n ,  b in d in g  d a ta  a n d  m e ta d a ta  c a n  b e  nil, th u s  N U L L  is  in t r o d u c e d  in  th e  r e p ­
r e s e n ta t io n s  o f  th e  r e f e r e n c e s .  T h e  p r a c t ic a l  r e a s o n  f o r  th is  is  th a t  th e  r e a l - w o r ld  d a ta s e ts
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u s u a l ly  c o n ta in  a  c e r t a in  p e r c e n t a g e  o f  m is s in g  v a lu e s ,  a n d  a  r o b u s t  d a ta  s t ru c tu r e  s h o u ld  
c o m p r is e  s o m e  r o u t in e s  f o r  d e a l in g  w i t h  u n k n o w n  (m is s in g )  a t t r ib u te  v a lu e s  [B r u h  0 4 ] .
R e p r e s e n t a t i o n  o f  t h e  B in d in g I D
F o r  a  b in d in g  s e r v i c e  in  a  g lo b a l - s c a l e  d is t r ib u t e d  s y s te m , a  B in d in g ID  s h o u ld  h a v e  a  h ig h  
l i k e l ih o o d  o f  u n iq u e n e s s  o v e r  s p a c e  a n d  t im e ,  i t  s h o u ld  b e  l o c a l l y  g e n e r a t e d  w i t h o u t  c o n ­
t a c t in g  a  g l o b a l  r e g is t r a t io n  a u th o r it y ,  a n d  b e  a b le  t o  r e l i a b l y  i d e n t i f y  a  p o t e n t ia l  h u g e  
n u m b e r  o f  b in d in g  o b je c t s  a c r o s s  a  n e tw o r k .
F o r  a b o v e  r e a s o n s , I S O  s ta n d a rd  [ I S O I  0 1 , L e a c  0 5 ] ,  th e  U n i v e r s a l l y  U n iq u e  I d e n t i f i e r  
( U U I D )  is  c h o s e n  as th e  s y s t e m a t ic  r e p r e s e n ta t io n  o f  th e  B in d in g lD s . T h e  f o r m a t  o f  a  
U U I D  c o n s is t s  o f  3 2  h e x a d e c im a l  d ig i t s ,  d i s p la y e d  in  5 g r o u p s  s e p a r a t e d  b y  h y p h e n s ,  f o r  
e x a m p le :
7 3 b 2 a 8 e e -d d 7 6 -4 7 e b -9 6 2 c -0 8 f5 4 3 0 f3 13d
1 2 8  b i t  in  t o ta l ,  t h e r e f o r e ,  th e  n u m b e r  o f  t h e o r e t i c a l l y  p o s s ib l e  U U I D s  is  2 128, w h ic h  
m e a n s  th a t  1 t r i l l i o n  U U I D s  w o u ld  h a v e  t o  b e  c r e a t e d  e v e r y  n a n o s e c o n d  f o r  s l i g h t l y  m o r e  
th a n  10  b i l l i o n  y e a r s  to  e x h a u s t  th e  n u m b e r  o f  U U I D s .  D e p e n d in g  o n  th e  s p e c i f i c  m e c h a ­
n is m s  u s e d , a  U U I D  is  a lm o s t  g u a r a n te e d  t o  b e  d i f f e r e n t  f r o m  a n y  o t h e r  U U I D s .  U U I D s  
c a n  b e  c r e a t e d  b y  g e n e r a t io n  s c h e m e s  s u c h  a s  M D 5  h a s h in g ,  r a n d o m  n u m b e r  g e n e r a t io n ,  
o r  S H A - 1  h a s h in g ,  b a s e d  o n  l o c a l  c l o c k  s e q u e n c e  o r  I P  a d d r e s s .
R e p r e s e n t a t i o n  o f  t h e  R e f e r e n c e s
T h e  U n i f o r m  R e s o u r c e  I d e n t i f i e r s  ( U R I s )  s t ru c tu re  is  a d o p t e d  a s  th e  r e p r e s e n ta t io n  o f  
th e  r e f e r e n c e s  o f  th e  d a ta  a n d  th e  m e ta d a ta  in  th e  b in d in g  d a ta  s tru c tu re . M o s t  r e s o u r c e s  
c u r r e n t ly  o n  th e  W o r l d  W i d e  W e b :  d o c u m e n t s ,  im a g e s ,  d o w n lo a d a b le  f i l e s ,  s e r v i c e s ,  e l e c ­
t r o n ic  m a i lb o x e s ,  a re  r e f e r e n c e d  b y  U R I s .  T h e  U R I s  d e f in e d  w i t h in  W 3 C  g l o b a l l y  d is ­
t r ib u t e d  c o m m u n ic a t io n  f r a m e w o r k  a re  u s e d  t o  id e n t i f y  th e  r e s o u r c e s  o n  th e  w e b ,  a n d  
m a k e  t h e m  a v a i la b le  u n d e r  a  v a r i e t y  o f  n a m in g  s c h e m e s  a n d  a c c e s s  p r o t o c o l s  s u c h  as 
H T T P ,  F T P ,  a n d  S S H  [ W 3 C  0 1 ] ,
T h e  s y n t a x  o f  a  U R I  is  e a s y  t o  s p e c i f y .  R e c a l l  th e  f o r m a t  o f  t h e  U R I  [B e r n  0 5 ] .
< s c h e m e  n a m e> :< h ie ra rc h ica l p a r t> [? < q u e ry > ][# < fra g m e n t> ]
A  U R I  c o n s is t s  o f  f o u r  p a r ts : ( 1 )  S c h e m e  n a m e , in d ic a t in g  th e  c o n n e c t io n  p r o t o c o l ,  
e . g . ,  f t p ,  h ttp , u rn , ssh . ( 2 )  H ie r a r c h ic a l  P a r t ,  in c lu d in g  a u t h o r i t y  (u s e r  in f o r m a t io n ,  h o s t  
n a m e , p o r t  n u m b e r ) ,  a n d  p a th  ( e . g . ,  th e  f i l e  p a th ) ,  ( 3 )  Q u e r y ,  c o n ta in s  n o n - h ie r a r c h ic a l  
d a ta , w h ic h  e n a b le s  th e  r e p r e s e n ta t io n s  o f  d a ta  o b je c t s  in  d i f f e r e n t  l e v e l  o f  g r a n u la r i t ie s ,  
e . g . ,  u s in g  a  q u e r y  c a n  s e le c t  th e  w h o l e  d a ta s e ts  o f  a  d a ta b a s e  t a b le  o r  l o c a t e  a  s in g l e  d a ta  
i t e m ,  a n d  ( 4 )  F r a g m e n t ,  a l l o w s  in d i r e c t  id e n t i f i c a t io n  o f  a  s e c o n d a r y  r e s o u r c e  b y  r e f e r e n c e
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t o  a  p r im a r y  r e s o u r c e ,  e . g .  a n  a n c h o r  p la c e  f o r  w h e r e  th e  p a g e  s h o u ld  b e  d i s p la y e d .  A s  
e x a m p le s :
ftp ://gen e .ish .lab/h ead /gen e/ im age.p n g
— ftp  s c h e m e  fo r  F i le  T ra n s fe r  P r o to c o l  s e rv ic e s  
h ttp :/ / w w w .gen e-exp ress ion .o rg/ d b / qu ery?an a tom y= o lfa c to ry
-  h ttp  s c h e m e  fo r  H y p e r te x t  T ra n s fe r  P r o t o c o l  s e r v ic e s
U R I  s y n t a x  in c lu d e s  th e  r e p r e s e n ta t io n  o f  e m p ty ,  w h ic h  c o n ta in s  o n l y  th e  s c h e m e  
c o m p o n e n t .  T h is  is  u s e d  a s  th e  r e p r e s e n ta t io n  o f  a  N U L L  r e f e r e n c e  in  th e  b in d in g  d a ta  
m o d e l .
A  n u m b e r  o f  p o p u la r  id e n t i f i e r  s y s t e m s  d e f in e d  as U R I  s c h e m e s  th a t  u s e  U R I  s y n ta x  
in c lu d e  U R L  ( U n i f o r m  R e s o u r c e  L o c a t o r ) ,  U R N  ( U n i f o r m  R e s o u r c e  N a m e ) ,  U R C  ( U n i ­
f o r m  R e s o u r c e  C h a r a c t e r is t i c s ) ,  D O I  (D i g i t a l  O b j e c t  I d e n t i f i e r ) ,  a n d  L S I D  ( L i f e  S c i e n c e  
I d e n t i f i e r s ) .  A  U R L  is  in t e n d e d  t o  b e  u s e d  f o r  l o c a t in g  o r  f in d in g  r e s o u r c e s ,  a n d  g e n e r a l l y  
u s e d  t o  d e s c r ib e  a  r e s o u r c e s  c u r r e n t  l o c a t io n  [M e a l  0 2 ] ,  A  U R N  is  in t e n d e d  to  s e r v e  as 
p e r s is t e n t ,  lo c a t io n - in d e p e n d e n t ,  r e s o u r c e  id e n t i f ie r s .  I t  r e f e r s  t o  th e  s u b s e t  o f  U R I  th a t  is  
r e q u i r e d  t o  r e m a in  g l o b a l l y  u n iq u e  a n d  p e r s is t e n t  e v e n  w h e n  th e  r e s o u r c e  c e a s e s  t o  e x is t  
o r  b e c o m e s  u n a v a i la b le  [ S o i l  9 9 ] .  U R C s  w e r e  p r o p o s e d  as s e m i- s t a n d a r d  f o r m  o f  m e t a ­
d a ta  th a t  d e s c r ib e d  w e b  r e s o u r c e s  id e n t i f i e d  b y  a  U R I 1 [ S o l i  9 9 , M e a l  9 9 ] .  A  D O I  is  a 
p e r m a n e n t  d i g i t a l  i d e n t i f i e r  a d o p t e d  b y  m a n y  p u b l is h e r s  [ I S O  0 8 ] ,  T h e  D O I  o r g a n is a t io n  
is  r e g i s t e r e d  a s  a  p a r t  o f  U R I  w i t h in  th e  i n f o - U R I  n a m e s p a c e  as a  d o i  s c h e m e .  T h e  L S I D s  
a r e  p e r s is t e n t  lo c a t io n - in d e p e n d e n t ,  r e s o u r c e  id e n t i f ie r s  f o r  u n iq u e ly  n a m in g  b i o l o g i c a l l y  
s ig n i f i c a n t  r e s o u r c e s ,  L S I D  is  b u i l t  o n  t o p  o f  U R N  [ L i f e  0 5 ] ,  T h e r e f o r e ,  b y  u s in g  U R I s ,  
a  b in d in g  s y s t e m  is  c a p a b le  o f  in t e r a c t in g  w i t h  a  m a jo r i t y  o f  r e p r e s e n ta t io n s  o f  th e  w e b  
r e s o u r c e s .
W h i l e  U R I  c a n  w e l l  s e r v e  th e  n e e d  to  f e d e r a t e  id e n t i f i e r s  o f  a lm o s t  a l l  t y p e s  o f  r e ­
s o u r c e s  in  d i f f e r e n t  l e v e l s  o f  g r a n u la r i t ie s  o n  th e  w e b ,  th e r e  a r e  s o m e  d r a w b a c k s  o f  i t  
( e . g . ,  th a t  a  U R I  c a n n o t  c o n ta in  a n o th e r  U R I ,  n o r  X M L ) ,  w h ic h  h a v e  l e d  t o  th e  in t r o d u c ­
t io n  o f  a  d i f f e r e n t  i d e n t i f i e r  s y s t e m  b y  W 3 C ,  th e  E P R  (E n d p o in t  R e f e r e n c e s )  [G u d g  0 5 ] .  
T h is  t y p e  o f  r e s o u r c e  is  n o t  h a n d le d  b y  th e  b in d in g  s y s te m . H o w e v e r ,  E P R s  a re  m a in ly  
u s e d  t o  r e f e r e n c e  W e b  S e r v i c e s  e n d p o in ts ,  w h ic h  a re  th e  u s e r  d e v i c e s  c o n n e c t e d  to  th e  
n e t w o r k ,  s u c h  a s  f i r e w a l l s ,  g a t e w a y s  a n d  e n d p o in t  m a n a g e r s ,  t h e r e f o r e ,  t h e y  a re  n o t  e s ­
s e n t ia l  f o r  th is  im p le m e n t a t io n .  A d d r e s s in g  th e  E P R  r e p r e s e n ta t io n  c o u ld  b e  in c lu d e d  in  
fu tu r e  w o r k .
’ Th e e ffo rt to standardise U R C s within the IE T F  gave up after its in itial introduction. Th e need fo r  stan­
dard metadata description o f  a resource has been solved by  various technologies such as Resource D escription 
Fram ework (R D F ) and M eta  tags.
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A  p e r v io u s  c h a p te r  ( i n  s e c t io n  3 .3 )  h a s  in t r o d u c e d  th e  t a g g in g  t e c h n o lo g y  w h i c h  is  o n e  
o f  th e  s im p le s t  a n n o ta t io n  f r a m e w o r k s ,  h u m a n - f r ie n d ly  a n d  p la t fo r m - in d e p e n d e n t .  T h e  
b in d in g  s e r v i c e  u s e s  t a g s  f o r  th e  r e p r e s e n ta t io n  o f  b in d in g  a n n o ta t io n .
D e p e n d in g  o n  u n d e r ly in g  s y s t e m a t ic  p r o c e s s in g  m e c h a n is m ,  a  t a g  c a n  b e  a  s i n g l e ­
w o r d ,  a  p h ra s e ,  a  k e y / v a lu e  p a ir ,  a  l is t ,  a  b lo c k ,  o r  a  r e f e r e n c e .  In  g e n e r a l ,  t h e  s i n g l e - w o r d  
t a g  is  e f f i c i e n t  f o r  c a t a l o g in g  a n d  c la s s i f i c a t io n ,  w h i l e  th e  t a g  c o n t a in in g  p h ra s e  is  u s e fu l  
f o r  d e s c r ip t io n .  F o r  e x a m p le ,  s in c e  F l i c k r  d o e s  n o t  s u p p o r t  th e  p h r a s e  in p u ts , in  it s  H o t  
T a g s  L i s t ,  t h e r e  a r e  m a n y  t a g s  l i k e  ‘ t h u n d e r o v e r lo u is v i l l e ’ , ‘ d a y  1 1 2 ’ , ‘ f r i d a y d e s i g n f a c e ’ , 
w h i c h  s h o w s  th e  d i f f i c u l t y  f o r  th e  u s e r s  t o  f in d  o n e  m e a n in g fu l  s in g l e  w o r d  f o r  d e s c r ip ­
t io n .  O n  th e  o t h e r  h a n d , th e  k e y / v a lu e - p a ir  t a g ,  f o r  e x a m p le ,  ‘ h e i g h t = 1 7 .3 ’ , ‘ l e n g t h = 1 4 .2 ’ , 
‘ w id t h = 5 6 ’ , is  o f t e n  r e q u i r e d  w h e n  th e  c a lc u la t io n  o r  c o m p a r is o n  is  c r u c ia l .  B e s id e s  th e s e  
s t r in g - b a s e d  ta g s ,  th e r e  a r e  n o n - s t r in g - b a s e d  ta g s  e x is t in g ,  i .e . ,  t h o s e  c o n ta in  X M L  f r a g ­
m e n ts ,  b lo b s  (b in a r y  l a r g e  o b j e c t s ) ,  o r  n e s ts  o f  a n o th e r  l is t  o f  t a g s .  T h e  n o n - s t r in g - b a s e d  
ta g s  a r e  n o r m a l l y  g e n e r a t e d  a u t o m a t ic a l ly .  S u c h  m a c h in e - g e n e r a t e d  t a g s  a r e  p o t e n t i a l l y  
l a r g e  in  q u a n t i t y  a n d  c o m p le x  in  d a ta  t y p e  a n d  s tru c tu re .
T a g  in p u ts  a r e  o f t e n  in  s e r ie s  a n d  f o r m  a  c o l l e c t i o n  o f  t a g s . T h e  t a g  c o l l e c t i o n  c a n  b e  
a c c o m m o d a t e d  w i t h in  a  s e t, a  b a g ,  o r  a  s e q u e n c e . A  s e t  i s  a  c o l l e c t i o n  o f  d is t in g u is h e d  
e le m e n t s  w h e r e  th e  o r d e r  o f  e le m e n t s  is  i r r e le v a n t ;  a  b a g  is  a  g e n e r a l i s a t io n  o f  a  s e t  w h e r e  
i t e m  d u p l ic a t io n s  a r e  l e g a l ;  a n d  a  s e q u e n c e  is  a n  o r d e r e d  b a g ,  in  w h ic h  th e  e le m e n t s  
c a n  b e  r e p e a t e d  b u t  a r e  l i s t e d  in  o rd e r .  G i v e n  th e  s a m e  t a g  in p u t ,  th e  t a g g in g  s y s t e m s  
im p le m e n t in g  s e t, b a g ,  o r  s e q u e n c e ,  m a y  s t o r e  a n d  o u tp u t  t a g s  in  d i f f e r e n t  o r d e r s  a n d  
n u m b e r s .  F o r  e x a m p le s ,  f o r  a  t a g  in p u t :
{ ‘ r e d ’, ‘r e d ’ , ‘b lu e ’ }
A  t a g g in g  s y s te m  im p le m e n t in g  t a g  se t  w i l l  r e m o v e  th e  d u p l ic a t e d  i t e m s ,  a n d  r e tu rn  
a n  o u tp u t  as:
{ ‘ r e d ’, ’b lu e ’ }  o r  { ‘b lu e ’, ‘ r e d ’ }
A  t a g g in g  s y s te m  im p le m e n t in g  t a g  b a g  m a y  d is c a r d  th e  o r i g in a l  o r d e r  o f  th e  in p u t , 
a n d  o u tp u t :
{ ‘ r e d ’ , ‘r e d ’ , ‘b lu e ’ }  o r  { ‘b lu e ’ , ‘r e d ’ , ‘r e d ’}  o r  { ‘r e d ’, ‘b lu e ’ , ‘ r e d ’ }
A  t a g g in g  s y s te m  im p le m e n t in g  t a g  s e q u e n c e  w i l l  r a n k  th e  t a g s  in  ( a lp h a b e t i c a l - )  o r ­
d e r , a n d  o u tp u t  a  l i s t  a s :
{ ‘b lu e ’ , ‘r e d ’ , ‘r e d ’ }
A s  th e  r e s u lt ,  th e  t a g  s e q u e n c e  d o e s  n o t  s u it  a p p l ic a t io n s  w h e r e  th e  o r d e r s  o f  th e  in p u t  
t a g s  a r e  m e a n in g fu l .
Representation of the Annotation
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embryo, head, Newcastle HDBR, collected 2009-04-23
f\,7  .................................—it  -----
Input string be 
tokenlized
embryo head Newcaslle HDBR collected 2009-04-23
Tokenized tags be stored In 
a in versed tag-binding table
1 id Tag Bindings1 collected 2009-04-23 bidl, bid5,..
2 embryo bidl, bid5, bid12, bid22...3 head bidl, bid9...
4 Newcastle HDBR bidl, bidZ bid7
n
F ig u r e  5 .3 :  B in d in g  T a g g in g  M e c h a n is m
In  th e  d e s ig n  o f  b in d in g  s e r v i c e  d a ta  s tru c tu re , th e  m a t h e m a t ic a l  m e a n in g  o f  set is  
c h o s e n  t o  p r o c e s s  ta g s ,  s in c e  w e  w a n t  t o  d is c a r d  th e  o r d e r  o f  th e  in p u t  t a g s  (th u s ,  a  t a g  
sequence is  u n s u it a b le ) ,  a n d  w e  a ls o  w a n t  t o  r e m o v e  th e  d u p l ic a t io n s  f r o m  th e  in p u t  ta g s  
(th u s , a  t a g  b a g  is  u n s u it a b le ) .  T h e  b in d in g  t a g g in g  m e c h a n is m  is  s h o w n  in  F ig u r e  5 .3 . 
In i t i a l l y ,  th e  t a g g in g  A P I  is  im p le m e n t e d  a s  S t r in g  A r r a y  t y p e  (S t r in g O )2 . D is c u s s io n s  o f  
o t h e r  t a g  s t ru c tu r e s ,  s u c h  a s  k e y / v a lu e  p a ir s ,  b lo b s ,  o r  l is t s ,  a re  o m it t e d .  T h e s e  c a n  e i t h e r  
b e  im p le m e n t e d  as a n  e x t e n s io n  in  fu tu r e  im p le m e n t a t io n s ,  o r  as a  p lu g - in  fu n c t io n  f r o m  a 
t h i r d - p a r t y ’ s s o f t w a r e ,  s u c h  as Y A M L [ R e s n  0 1 ] ,  w h ic h  p r o v id e s  f a c i l i t i e s  o f  p a r s in g  a n d  
in t e r p r e t in g  ta g s .
S o m e  s c i e n t i f i c  s y s t e m s  r e q u ir e  th e  s e m a n t ic s  o f  t a g s  t o  b e  e x p l i c i t l y  d e f in e d .  D e ­
p e n d in g  o n  c o n c r e t e  r e q u ir e m e n t s ,  th e  s e m a n t ic s  o f  t a g s  c a n  b e  s p e c i f i e d  b y  c o m b in in g  
w i t h  a  d o m a in  o n t o l o g y ,  c o n t r o l l e d  v o c a b u la r y  o r  s p e c i f i c  m e ta d a ta  s ta n d a rd s .
T h e  p r o c e s s  o f  s e p a r a t in g  t a g s  f r o m  th e  t a g  l is t ,  s o - c a l l e d  t o k e n iz a t io n ,  is  in t e n t io n a l ly  
l e f t  f o r  th e  a p p l i c a t i o n  la y e r .  T o k e n i z a t i o n  is  a p p l ic a t io n - d e p e n d e n t .  F o r  e x a m p le ,  s o m e  
a p p l ic a t io n s  m a y  im p le m e n t  a  s in g l e  t e x t  b o x  a c c e p t in g  o n e  t a g  e a c h  t im e ;  s o m e  m a y  
u s e  a n  in p u t  f i e l d s  a l l o w in g  c o n t in u e d  in p u t  o f  t a g s  w i t h  s p e c i f i e d  s e p a ra to r s ,  s u c h  as 
C O M M A  o r  S P A C E ;  s o m e  o th e r s  m a y  u s e  X M L  o r  R D F  t o  c o n ta in  ta g s . L e a v i n g  th e  
t o k e n i z a t i o n  w i t h  th e  a p p l ic a t io n  s id e  w i l l  m a x im is e  th e  f l e x i b i l i t y  f o r  a  t a g g in g  e d ito r .
T h e  t a g s  a r e  s t o r e d  in  a n  in v e r t e d  t a g - b in d in g  ta b le .  I n d e x in g  b y  t a g s  c a n  e a s e  th e  
t a g - b a s e d  q u e r ie s  a n d  s t a t is t ic a l  a n a ly s is .  F o r  e x a m p le ,  i t  is  e f f i c i e n t  t o  a n s w e r  a  q u e r y  
l ik e ,  “ g i v e  m e  th e  b in d in g s  a n n o ta t e d  b y  a n y  o f  th e s e  t e r m s , e m b r y o ,  h e a d , n o s e .”  o r  “ t e l l  
m e  th e  m o s t  u s e d  t a g s ” .
In  a d d i t io n  t o  u s e r  o r  a p p l ic a t io n  s u p p l ie d  ta g s ,  a  g r o u p  o f  s y s t e m  ta g s  is  d e f in e d .  T h e  
b in d in g  s y s t e m  ta g s  a r e  a  s e t  o f  c o n f ig u r a b le  ta g s  a t ta c h e d  t o  a  b in d in g  a u t o m a t ic a l ly  b y
‘ A p p ly  (Java) Set operations to prohibit the duplicated elements.
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th e  s y s t e m . F o u r  s y s t e m  ta g s  a r e  s p e c i f i e d ,  m a in ly  u s e d  f o r  a d m in is t r a t io n  p u r p o s e s ,  a n d  
t h e y  a r e :  C r e a t i o n D a t e T im e S t a m p ,  C r e a t io n U s e r ,  L a s t M o d i f i c a t io n D a t e T im e S t a m p ,  a n d  
L a s t M o d i f ic a t io n U s e r .
D i s c u s s i o n
A n  a l t e r n a t iv e  b in d in g  d a ta  s t r u c tu r e  c a n  b e  c o n s id e r e d .  A s  i l lu s t r a t e d  in  th e  l e f t  d ia g r a m  
in  F i g u r e  5 .4 ,  a  b in d in g  c a n  b e  v i e w e d  a s  a  m e ta d a ta -d a ta  p a ir ,  w h e r e  th e  r e p r e s e n ta t io n  
o f  m e t a d a t a  c a n  b e  e i t h e r  ta g s  o r  r e f e r e n c e ,  a n d  th e  r e p r e s e n ta t io n  o f  d a ta  c a n  b e  e i t h e r  
r e f e r e n c e  o r  a n o th e r  b in d in g .  A l t h o u g h  th is  a p p r o a c h  a p p e a r s  t o  m a k e  a  fu r th e r  s t e p  o f  
s im p l i f i c a t i o n ,  in  p r a c t ic e ,  i t  r e s u lt s  in  th e  n e s t e d  s tru c tu re , as s h o w n  in  th e  m id d l e  d ia g r a m  
in  F i g u r e  5 .4 ,  w h ic h  is  in e f f i c i e n t  f o r  th e  s e a r c h  a n d  s c a n . A s  o n e  o f  th e  a s s u m p t io n s  
c l a r i f i e d  in  s e c t io n  5 .1 ,  b in d in g s  a r e  t o  b e  r e a d  m o r e  a n d  w r i t t e n  le s s ,  th is  a p p r o a c h  h a s  
b e e n  d e l ib e r a t e l y  a b a n d o n e d  t o  e n s u r e  a  g r a c e fu l  b in d in g  s e a r c h  p e r f o r m a n c e .
Bindinglfr1/Metadatatags Data
bld1 m refi d reft
bidZ tagltag2 bid1 '
bids tag3 d re12
bid!
Flatten
The second binding model 
contains a nested data 
structure
Tags Metadata Data
tagt. 1ag2 m reft d refi1





The second binding model
F ig u r e  5 .4 :  A n  A l t e r n a t iv e  B in d in g  S e r v i c e  D a ta  S t ru c tu r e
ds |
The nested structure of the second „1 
binding model can be flattened 
and result in the first model
I n d e e d ,  w h e n  th e  n e s t e d  s t ru c tu r e  is  f la t t e n e d ,  t w o  s t ru c tu re s  b e c o m e  id e n t ic a l .  I l ­
lu s t r a t e d  in  th e  r ig h t  d ia g r a m  in  F i g u r e  5 .4 ,  t a g  is  s e p a r a t e d  f r o m  m e t a d a t a  a n d  b e c o m e  
a d d i t io n a l  a t t r ib u te  w h ic h  c o n ta in  n o  r e f e r e n c e s .  T h e  b in d in g  b id1  is  m e r g e d  w i t h  b id 2 , 
th a t  is ,  b in d in g  b id 2  ta k e s  b id1  ’ s m e t a d a t a  a s  m e ta d a ta  a n d  b id1  ’ s d a ta  a s  d a ta . T h e  b in d in g  
b id 3  is  e x t e n d e d  t o  h a v e  th e  m e t a d a t a  a t t r ib u te  ( t h e  v a lu e  o f  w h ic h  is  N u ll ) .
5 . 1 . 4  O p e r a t i o n s
C h a p t e r  4  h a s  d e s c r ib e d  th e  s e m a n t ic s  o f  b in d in g  b e h a v io u r a l  o p e r a t io n s .  T h is  s u b s e c t io n  
d is c u s s e s  h o w  t o  c o n s t r u c t  b in d in g  s e r v i c e  A P I s  t o  s u p p o r t  t h o s e  o p e r a t io n s .  T o  im p r o v e  
th e  m o d u la r i t y  a n d  s u p p o r t  th e  r e u s e  o f  c o d e s ,  th e  b in d in g  A P I s  a r e  o r g a n is e d  in t o  f o u r  
g r o u p s :  m a n ip u la t io n ,  d is c o v e r y ,  c o m m u n ic a t io n ,  a n d  v a l id a t io n .
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T h e  m a n ip u la t io n  A P I s  r e la t e d  t o  b in d in g  c r e a t io n  a n d  u p d a t in g  b e h a v io u r s  in c lu d e :  
C r e a t e B in d in g ( ) ,  D e le t e B in d in g ( ) ,  A d d B in d in g S u b je c t ( ) ,  A d d B in d in g O b je c t ( ) ,  ln s e r t T a g s ( ) ,  
R e m o v e T a g s ( ) ,  a n d  U p d a t e T a g s ( ) .  A m o n g  t h e m , th e  C r e a t e B in d in g ( )  A P I  is  d e r i v e d  f r o m  
D e f in i t io n  4 .3 ,  th e  b in d in g  c r e a te  o p e r a t io n ;  th e  D e le t e B in d in g ( )  A P I  c o r r e s p o n d s  t o  D e f ­
in i t io n  4 .4 ,  th e  b in d in g  d e le te  o p e r a t io n ;  th e  fu n c t io n s  o f  b in d in g  u p d a te  o p e r a t io n  d e ­
s c r ib e d  b y  D e f i n i t i o n  4 .5  a r e  s e p a r a t e d  in t o  f i v e  A P I s :  A d d B in d in g S u b je c t ( ) ,  A d d B in d in -  
g O b j e c t ( ) ,  ln s e r t T a g s ( ) ,  R e m o v e T a g s ( ) ,  a n d  U p d a t e T a g s ( ) .
F o u r  d i s c o v e r y  A P I s  a r e  s p e c i f i e d  t o  s u p p o r t  th e  b in d in g  q u e ry  o p e r a t io n  (D e f in i t i o n  
4 .6 ) ,  in c lu d in g :  G e t B in d in g B y lD ( ) ,  G e t B in d in g s B y S u b je c t ( ) ,  G e t B in d in g s B y O b je c t ( ) ,  a n d  
G e t B in d in g s B y T a g s ( ) .
T h e  c o m m u n ic a t i o n  A P I s  c o r r e s p o n d  t o  D e f in i t io n  4 .8 ,  th e  b in d in g  g e t - o b je c t  o p e r a ­
t io n s ,  u s e d  t o  in t e r a c t  w i t h  th e  r e s o u r c e s  a n d  o b ta in  th e  d a ta  e n t i t ie s  o r  th e  r e s o u r c e  s ta tu s  
f r o m  r e m o t e  s i t e s ,  in c lu d in g :  G e t R e s o u r c e ( )  a n d  G e t R e s o u r c e S t a t u s ( ) .  N o t e ,  th e  t w o  
b in d in g  g e t - o b je c t  o p e r a t io n s  a r e  s p e c i f i e d  th r o u g h  o n e  A P I ,  G e t R e s o u r c e ( ) ,  b e c a u s e  th e  
im p le m e n t a t i o n  a lg o r i t h m s  f o r  th e  t w o  o p e r a t io n s  a r e  th e  s a m e .
O n e  v a l id a t i o n  A P I ,  V e r i f y B in d in g s Q , is  s p e c i f i e d  c o r r e s p o n d in g  to  D e f in i t io n  4 .1 2 , 
th e  b in d in g  V a lid a t io n  o p e r a t io n ,  w h ic h  is  u s e d  t o  c h e c k  b in d in g s  a g a in s t  u s e r - d e f in e d  
c o n s t r a in ts .
T a b le  5 .1 : T h e  E f fe c t s  o f  B in d in g  O p e r a t io n  A P I s  t o  th e  B in d in g  S t a t e s
O p e r a t i o n  A P I D e s c r i p t i o n C h a n g e  o f  S t a t e  
o f  B in d in g
C r e a t e B in d in g  ( ) C r e a t e  a  n e w  b in d in g N e w  B in d in g
D e le t e B in d in g  ( ) D e le t e  a b in d in g D e le t e
A d d B in d in g S u b je c t  ( ) A d d  th e  b in d in g  s u b je c t  r e f e r e n c e  i f  
p r e v io u s ly  is  n u ll
U p d a t e
A d d B in d in g O b je c t  ( ) A d d  th e  b in d in g  o b je c t  r e f e r e n c e  i f  
p r e v io u s ly  is  n u ll
U p d a t e
In s e r tT a g s  ( ) In s e r t  b in d in g  ta g s U p d a te
R e m o v e T a g s  ( ) R e m o v e  b in d in g  ta g s U p d a t e
U p d a t e T a g s Q U p d a t e  b in d in g  ta g s U p d a t e
G e tB in d in g B y lD  ( ) R e tu r n  a b in d in g  b y  m a tc h e d  B in d in g ID U n c h a n g e d
G e tB in d in g s B y S u b je c t  ( ) R e tu r n  b in d in g s  b y  m a tc h e d  s u b je c t U n c h a n g e d
G e t B in d in g s B y O b je c t  ( ) R e tu r n  b in d in g s  b y  m a tc h e d  o b je c t U n c h a n g e d
G e tB in d in g s B y T a g s  ( ) R e tu r n  b in d in g s  b y  m a tc h e d  ta g s U n c h a n g e d
G e t R e s o u r c e  ( ) O b ta in  b in d in g  s u b je c t/ o b je c t U n c h a n g e d
G e t R e s o u r c e S t a t u s  ( ) O b ta in  s ta tu s  o f  b in d in g  s u b je c t/ o b je c t U n c h a n g e d
V e r i fy B in d in g s Q C h e c k  b in d in g s  a g a in s t  c o n s is t e n c y  c o n s t ra in ts U n c h a n g e d
T h e  e f f e c t s  o f  th e  b in d in g  o p e r a t io n s  to  th e  b in d in g  s ta te  a r e  l i s t e d  in  T a b le  5 .1  w h ic h  
s h o w s  th a t  th e  in v o c a t i o n s  o f  th e  m a n ip u la t io n  o p e r a t io n s  h a v e  s id e - e f f e c t s  o n  th e  b in d in g  
s ta te , w h i l e  a l l  d i s c o v e r y  a n d  c o m m u n ic a t io n  o p e r a t io n s  a r e  s id e - e f f e c t  f r e e .  In  th e  r e s t  o f  
th is  s u b s e c t io n ,  th e  s p e c i f i c a t i o n  d e ta i ls  o f  e a c h  o p e r a t io n  a r e  d e s c r ib e d  in  tu rn .
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F r o m  s u b s e c t io n  5 .1 .3 ,  th e  d e f in i t i o n  o f  b in d in g  t y p e ,  B , c a n  b e  d e r iv e d :
{
binding-id: U U ID
re f  sub: U R I
re f -o b j:  U R I
tags: S tr in g []
}
T h e  A P I s  o f  th e  m a n ip u la t io n  o p e r a t io n s  a r e  s p e c i f i e d  b e lo w .  A l l  o p e r a t io n s  a r e  c o m ­
p le t e d  in  o n e  o f  th r e e  s ta tu s : 1 )  n o  e f f e c t  (w h e n  e x e c u t io n  s u c c e s s e s ,  b u t  0  r e c o r d s  a re  
u p d a t e d ) ;  2 )  th e  n u m b e r  o f  r e c o r d s  u p d a t e d  (w h e n  e x e c u t io n  s u c c e s s e s ,  n r e c o r d s  a r e  u p ­
d a t e d ) ;  o r  3 )  e r r o r s  (w h e n  e x e c u t io n  f a i l s ) .
C re a te B in d in g ( re f  sub: U R I, re f.ob j:  U R I, tags: S t r in g [ ] );
D e le te B in d in g ( bindingJd: U U ID );
A d d B in d ln g O b je c t ( bindingJd: U U ID , re f.ob j:  U R I ) ;
ln s e r tT a g s ( bindingJd: U U ID , tags: S t r in g [ ] );
R e m o v e T a g s (  bindingJd: U U ID , tags: S t r ln g [ ] );
U p d a te T a g s ( bindingJd: U U ID , old Jags: S tr in g [], new Jags: S t r ln g [ ] );
T h e  C r e a t e B in d in g ( )  A P I  a c c e p t s  th e  in p u ts  o f  a  r e f e r e n c e  t o  th e  b in d in g  s u b je c t ,  a  
r e f e r e n c e  t o  th e  o b je c t ,  a n d  a  l i s t  o f  t a g s . I t  g e n e r a t e s  a  n e w  U U I D  t y p e  B in d in g ID , a n d  
c r e a t e s  a  n e w  b in d in g  e n tr y ,  th e n  in v o k e s  ln s e r t T a g s ( )  t o  u p d a t e  th e  b in d in g  ta g s .
T h e  D e le t e B in d in g O  A P I  r e m o v e s  a  b in d in g  e n t r y  h a v in g  th e  in d ic a t e d  B in d in g lD .  I t  
a ls o  in v o k e s  R e m o v e T a g s ( )  t o  r e m o v e  a l l  m a p p in g s  o f  th e  B in d in g ID  a n d  ta g s .
T h e  A d d B in d in g S u b je c t ( )  a n d  A d d B in d in g O b je c t ( )  A P I s  a r e  a p p l i e d  t o  th e  b in d in g s  
c o n t a in in g  N u ll r e f e r e n c e s .  T h is  p a i r  o f  o p e r a t io n s  c o m p le t e  th e  b in d in g - c r e a t i o n  b e ­
h a v io u r  in i t ia t e d  b y  a  C r e a t e B in d in g ( )  o p e r a t io n  w h ic h  h a s  g e n e r a t e d  a  b in d in g  e n t r y  w i t h  
a  m is s in g  s u b je c t  o r  o b j e c t  v a lu e .  ( T h e  e x e c u t io n s  r e tu rn  e r r o r s  i f  t h e  b in d in g  s u b je c t  ( o r  
o b j e c t )  is  n o n  N u l l . )
T h e  ln s e r t T a g s ( )  A P I  c h e c k s  th e  t a g  in d e x ,  a n d  in s e r ts  th e  ta g s  i f  t h e y  a r e  n e w .  T h e n ,  i t  
c r e a t e s  th e  m a p p in g s  o f  th e  in d ic a t e d  B in d in g ID  w i t h  e a c h  in p u t  t a g .  A  r e v e r s e  b e h a v io u r ,  
R e m o v e T a g s ( ) ,  r e m o v e s  th e  a s s o c ia t io n s  o f  th e  g i v e n  B in d in g ID  a n d  ta g s .  B u t  i t  d o e s  n o t  
r e m o v e  t a g  e n t r ie s  f r o m  th e  t a g  in d e x ,  s in c e  th o s e  t a g s  m a y  b e  r e u s e d  b y  o t h e r  b in d in g s .  
F in a l l y ,  U p d a t e T a g s ( )  r e p la c e s  th e  in d ic a t e d  t a g s  w i t h  n e w  ta g s .
N o t e ,  o n l y  th e  m e a n s  f o r  u p d a t in g  b in d in g  t a g s  a r e  p r o v id e d ,  a n d  th e  m o d i f i c a t i o n s  f o r  
a n y  (n o n  n u ll) b in d in g  o b je c t s  o r  th e  b in d in g  s u b je c t s  a r e  p r o h ib i t e d .  T h e  p h i l o s o p h y  is  
th a t  th e  c h a n g e  o f  th e  a s s o c ia t io n  o f  t w o  o b je c t s  a r e  r e g a r d e d  a s  a  n e w  r e la t io n s h ip ,  th u s  a  
n e w  b in d in g  o b j e c t  s h o u ld  b e  c r e a t e d  in  th e  s y s t e m .  T h is  m a y  a ls o  b e n e f i t  b in d in g  p r o v e ­
n a n c e ,  s in c e  e v e r y  c h a n g e  o f  a n  in d iv id u a l  b in d in g  s u b je c t  o r  o b j e c t  c a n  b e  p r e s e r v e d ,  th u s  
t r a c e a b le .
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D i s c o v e r y  A P I s
T h e  f o u r  d i s c o v e r y  A P I s  a r e  g i v e n  a s  f o l l o w s :
G e tB in d in g B y lD ( bindingJd: U U ID  )
G e tB in d in g s B y S u b je c t ( r e f  sub: U R I );
G e tB in d in g s B y O b je c t ( r e f .o b j: U R I );
G e tB in d in g s B y T a g s ( tags: S t r in g [ ] );
T h e  o p e r a t io n ,  G e t B in d in g B y lD ( )  f e t c h e s  th e  b in d in g  h a v in g  m a t c h e d  B in d in g lD . F o r  
a  g i v e n  r e f e r e n c e  v a lu e ,  G e t B in d in g s B y S u b je c t ( )  r e tu rn s  b in d in g s  w i t h  m a t c h e d  s u b je c t .  
S im i la r l y ,  G e t B in d in g s B y O b je c t ( )  r e tu rn s  b in d in g s  w i t h  m a t c h e d  o b je c t .  T h e  w i ld c a r d  ( _  
, % ,  * )  a c c e s s  is  s u p p o r t e d ,  w h i c h  c a n  s u b s t itu te  f o r  o n e ,  m o r e  o r  a l l  c h a r a c t e r s  o f  th e  
l o o k u p  r e f e r e n c e .  F o r  e x a m p le ,  G e t B in d in g s B y S u b je c t ( “/ ip : //g e n e . is h . la b / h e a d / g e n e / 
im a g e %  . % ” ) ,  w i l l  r e t r i e v e  b in d in g s  h a v in g  s u b je c t  a s s o c ia t e d  w i t h  a n y  f i l e s  in  th e  in d i ­
c a t e d  l o c a t i o n  w i t h  n a m e  s ta rt w i t h  ‘ im a g e '.
T h e  G e t B in d in g s B y T a g s ( )  o p e r a t io n  ta k e s  m u l t ip le  t a g  in p u ts , a n d  r e t r i e v e s  th e  b in d ­
in g s  c o n t a in in g  any o f  s p e c i f i e d  t a g s ,  th a t  is , th e  r e la t io n s h ip  b e t w e e n  th e  in p u t  ta g s  is  
a s s u m e d  t o  b e  L o g i c - O R .  S im i la r l y ,  p a t t e r n - m a t c h in g  is  a l l o w e d .
T h e s e  f o u r  d i s c o v e r y  o p e r a t io n s  a r e  in t e n d e d  t o  p r o v id e  a  s e t  o f  a t o m ic  fu n c t io n s ,  
a l l o w in g  a n  e x t e r n a l  a p p l i c a t io n  to  a c c e s s  th e  b in d in g  in f o r m a t io n .  F r o m  th e s e  b a s ic  
b u i ld in g  b lo c k s ,  m o r e  s o p h is t ic a t e d  s e a r c h  f a c i l i t i e s  c a n  b e  a s s e m b le d ,  f o r  e x a m p le ,  b y  
p e r f o r m in g  u n io n  o r  in t e r s e c t io n  o v e r  th e  r e tu r n e d  r e s u lt s ,  s o r t in g  o r  a g g r e g a t in g  th e  r e ­
s u lt  s e ts , o r  e m b e d d in g  th e  o p e r a t io n s  w i t h in  c o n t r o l  f l o w s ,  s u c h  a s  s e q u e n c e ,  c h o ic e ,  a n d  
i t e r a t io n .
A s  a n  e x a m p le ,  c o n s id e r  a  q u e r y  r e q u ir e m e n t :  “ g i v e  m e  th e  b in d in g s  h a v in g  s u b je c t  
r e f s u b x , A N D  o b j e c t  r e f  - o b  j y O R  r e f - o b  j ” . W h i c h  c a n  b e  a c h ie v e d  b y  th e  f o l l o w i n g  
s e q u e n c e  f l o w :
1: B\ = G e tB in d in g s B y S u b je c t f re fsu bx );
2 : Z? 2  =  G e tB in d in g s B y O b je c t ( ref.objy  );
3 : B j = G e tB in d in g s B y O b je c t ( ref^objz );
4 .  B r e s u l t =  ^  ( ^ 2  CJ B j  ) ,
C o m m u n i c a t i o n  A P I s
T w o  o p e r a t io n s  a r e  p r o v id e d  f o r  b in d in g  c o m m u n ic a t io n :
G e tR e s o u r c e (  ref: U R I );
G e tR e s o u r c e S ta tu s f  ref: U R I );
F o r  a  g i v e n  n o n  null r e f e r e n c e  v a lu e ,  G e t R e s o u r c e ( )  r e t r ie v e s  th e  d a ta  i t e m  f r o m  th e  
r e m o t e  d a ta  r e s o u r c e  b y  u s in g  s p e c i f i e d  p r o t o c o l ,  a n d  G e t R e s o u r c e S t a t u s ( )  c h e c k s  a n d  
r e tu rn s  th e  r e s o u r c e  s ta tu s  w h ic h  c a n  b e  u n c h a n g e d ,  m o d i f i e d  o r  u n a v a i la b le .
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V er ifyB in d in g s ( c : S trin g  );
V e r i f y B in d in g s ( )  t a k e s  a  b in d in g  c o n s t r a in t  s t a te m e n t  s p e c i f i e d  in  th e  b in d in g  c o n s t r a in t  
la n g u a g e  w h ic h  is  d e f in e d  in  C h a p t e r  4 ,  a n d  p a r s e s  i t  in t o  e x e c u t a b le  e x p r e s s io n s .  I t  r e tu rn s  
t r u e  i f  t h e  t r a n s la t e d  s t a t e m e n t  is  e v a lu a t e d  as v a l id ,  f a ls e  i f  t h e  s t a t e m e n t  is  e v a lu a t e d  
a s  in v a l id ,  o r  u n d e c id e d  i f  th e  e x e c u t io n  f a i l s ,  in  w h ic h  c a s e  in f o r m a t io n  is  p r o v id e d  to  
a l l o w  a  r e s e a r c h e r  t o  t r a c e  th e  e r r o r s .  In  C h a p t e r  7 , an  im p le m e n t a t io n  e x a m p le  a n d  an  
e x p e r im e n t a l  e v a lu a t io n  o f  th e  b in d in g  v a l id a t i o n  o p e r a t io n  w i l l  b e  p r e s e n te d .
5.2 Implementation
T o  d e m o n s t r a t e  th e  v i a b i l i t y  o f  th e  d e s ig n ,  a  w e b  s e r v i c e  is  im p le m e n t e d ,  w h ic h  is  b u i l t  
o n  t o p  o f  th e  G r id  d a ta  a c c e s s  a n d  in t e g r a t io n  m id d le w a r e ,  O G S A - D A I 3 . O G S A - D A I  
p r o v id e s  u s e fu l  f a c i l i t i e s  t o  e a s e  th e  d e v e lo p m e n t  o f  w e b  s e r v i c e  f o r  d is t r ib u t e d  d a ta  a c c e s s  
a n d  m o v e m e n t  [ A n t o 0 7 ] .  In  its  n e w l y  r e le a s e d  v e r s io n s ,  O G S A - D A I  p r e s e n ts  n e a t e r  
s t ru c tu re , u p g r a d e d  s t r a t e g ie s  a n d  e n h a n c e d  p e r f o r m a n c e  f o r  a c c e s s  t o  d is t r ib u t e d  d a ta .
F ig u r e  5 .5  d e p ic t s  th e  a r c h it e c tu r e  o f  th e  b in d in g  w e b  s e r v i c e .  E a c h  b in d in g  s e r ­
v i c e  c o n s is t s  o f  a  b in d in g  s t o r e  w h ic h  is  m a d e  w e b - a c c e s s ib l e  b y  O G S A - D A I .  W i t h in  
th e  O G S A - D A I  f r a m e w o r k ,  th e  b in d in g  o p e r a t io n s  a r e  im p le m e n t e d  a s  th e  O G S A - D A I  
s e r v e r  a c t i v i t i e s  a n d  c l i e n t  a c t i v i t i e s  w h ic h  a r e  in d iv id u a l  u n its  o f  w o r k  in  a  w o r k f l o w  
th a t  p e r f o r m  a  u s e r - d e f in e d  ta s k , s u c h  as r u n n in g  a n  S Q L  q u e r y  t o  c r e a t e  b in d in g s ,  l o o k  
u p  b in d in g s ,  o r  r e t r i e v e  d a ta  o r  m e ta d a ta  f r o m  r e m o t e  r e s o u r c e s .  O G S A - D A I  s u p p o r ts  
r e m o t e  d a ta  r e t r ie v a ls  v i a  H T T P ,  F T P  o r  G r i d F T P  p r o t o c o l s .
T h e  p r o t o t y p e  b in d in g  s e r v i c e  u s e s  a  r e la t io n a l  d a ta b a s e  t o  s t o r e  b in d in g s  a n d  u s e s  
S Q L  la n g u a g e  f o r  q u e r y .  A s  s h o w n  in  F ig u r e  5 .6 ,  th e  r e la t io n s  s c h e m a  c o n s is t  o f :  B in d -  
in g T a b le ,  T a g T a b le ,  B in d in g T a g T a b le  a n d  B ln d in g _ (d a t a t y p e ) _ K e y V a lu e P a i r T a g T a b le s .  B in d -  
in g T a b le  s t o r e s  th e  in f o r m a t io n  o f  b in d in g  E D s, th e  r e f e r e n c e s  t o  d a ta  a n d  th e  r e f e r e n c e  t o  
th e  m e ta d a ta .  T h e  b in d in g  t a g  in f o r m a t io n  is  s t o r e d  in  T a g T a b le  (w h i c h  s e r v e s  a s  a  d i c ­
t io n a r y  o f  t a g s ) ,  B in d in g T a g T a b le  (w h i c h  s to r e s  th e  m a p p in g s  o f  t a g s  a n d  b in d in g s ) ,  a n d  
B in d in g _ (d a t a t y p e ) _ K e y V a lu e P a i r  T a g T a b le s .  In  th e  r e la t io n a l  d a ta b a s e  s y s te m s ,  d i f f e r e n t  
d a ta  t y p e s  a re  a s s o c ia t e d  w i t h  d i f f e r e n t  o p e r a t io n s .  T o  f a c i l i t a t e  t y p e - r e la t e d  c o m p u t a ­
t io n s ,  f o r  e a c h  d i f f e r e n t  d a ta  t y p e ,  a  B in d in g  _ K e y V a lu e P a i r T a g T a b le  is  d e f in e d  t o  s to r e  
th e  t a g - v a lu e s  b a s e d  o n  th e  t a g - v a lu e  t y p e s .  T a b le s  a r e  in d e x e d :  B in d in g T a b le  is  i n ­
d e x e d  o n  B T _ b in d in g lD ,  B T _ s u b je c t ,  a n d  B T . o b je c t ;  T a g T a b le  is  in d e x e d  o n  T T J a g I D ,
3 O G S A -D A I: http://www.ogsadai.org.uk/
Validation API
Finally, one binding validation API is specified:
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Binding Client Interface
Command-Li ne J sor C >cntinterface ApplicationsICI m u; pli
T Z  ̂Service Proxy API
/  V
F ig u r e  5 .5 : B in d in g  S e r v i c e  Im p le m e n ta t io n  F r a m e w o r k
a n d  T T _ t a g ;  B in d in g T a g T a b le  is  in d e x e d  o n  B T T _ b in d in g lD s  a n d  B T T . t a g lD ,  a n d  B in d -  
in g _ (d a t a t y p e ) _ K e y V a lu e P a i r T a g T a b le s  a r e  in d e x e d  o n  B * T T _ b in d in g lD  a n d  B * T T _ t a g lD .  
(S e e  F i g u r e  5 .6  f o r  t a b le  a t t r ib u te s . )
T w o  c l i e n t  in t e r fa c e s  a r e  p r o v id e d :  a  b in d in g  s e r v i c e  p r o x y  A P I  a n d  a  c o m m a n d -  
l in e  in t e r fa c e .  T h e  b in d in g  s e r v i c e  p r o x y  A P I  is  a  p r o g r a m m a b le  in t e r fa c e ,  p r o v id in g  
t h e  a c c e s s  t o  a  b in d in g  s e r v i c e  lo c a t e d  o n  a  r e m o t e  O G S A - D A I  s e r v e r .  T h e  u s e r ’ s c l i e n t  
a p p l i c a t io n  c a n  b e  c o n n e c t e d  v i a  th is  in t e r fa c e .
+ T T _ t a g lDTT_tagTT_tag_typeTT_tag_stat








+PBDTT_tàg!DB DTT_d at e_ value
rBinding_StringType_KeyValucPairTagTabk> 
-O* +#BSTT_bindinglD -CX +#BSTT_tagtDBSTT_string_value
Figure 5.6: Binding Service Database Schema
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A  c o m m a n d - l in e  in t e r f a c e  a l l o w s  m a n u a l in t e r a c t io n s  w i t h  th e  b in d in g  s e r v i c e .  F o r  
e x a m p le ,  a  c o m m a n d - l in e  in p u t  f o r  c r e a t in g  a  n e w  b in d in g  is  g i v e n  b e lo w .  S u c h  a n  in ­
t e r f a c e  is  in t e n d e d  f o r  d e v e lo p e r s ,  e . g . ,  t o  in i t i a l i s e  a  s y s t e m . I t  is  u n l i k e l y  t o  b e  u s e d  b y  
a p p l i c a t i o n  u s e r s  e x c e p t  p r e p a c k a g e d  in  a  c o m m a n d - l in e  s c r ip t .
> C r e a te  -s “h ttp :/ / w w w .exa m p le .com / em b ryo/ em b ryo1 0 2 .o lfa c to ry .p n g " \
-o  “h ttp ://w w w .gen eb an k .com /gen e/ ” \
-t  “g e n e  e x p re s s io n  d e te c te d , s tron g , im portan t”
5.3 Discussion
T h e  o b j e c t i v e  o f  th e  d e s ig n  h a s  b e e n  t o  in v e s t ig a t e  a  s im p le  s o lu t io n  f o r  t h e  m a n a g e m e n t  o f  
s c i e n t i f i c  d a ta  a n d  m e ta d a ta  b in d in g s .  T h i s  s h o u ld  b e  a  g e n e r i c  t o o l  th a t  c a n  b e  in t e g r a t e d  
w i t h  a  v a r i e t y  o f  s o f t w a r e  t o o ls ,  s e r v ic e s ,  o r  a p p l ic a t io n s ,  t o  d e a l  w i t h  s c i e n t i f i c  d a ta  a n d  
m e t a d a t a  in  v a r io u s  f o r m s  a n d  v o lu m e s .
A i m i n g  a t th e s e  g o a ls ,  th e  p r o p o s e d  b in d in g  s e r v i c e  h a s  b e e n  s h o w n  t o  b e  a  p r a c t ic a l  
c o m p u t a t io n a l  r e p r e s e n ta t io n  f o r  b in d in g s ,  a c c e s s e d  b y  a  s e t  o f  a p p l i c a b le  o p e r a t io n  A P I s .  
F i r s t ly ,  u s in g  U U I D  a l l o w e d  l o c a l  g e n e r a t io n  o f  g l o b a l l y  u n iq u e  b in d in g  id e n t i f i e r s  w i t h ­
o u t  c o n s u l t in g  a  c e n t r a l  s e r v e r .  H a v in g  g l o b a l l y  i d e n t i f i a b l e  b in d in g  I D s  is  u s e fu l ,  f o r  e x ­
a m p le ,  in  th e  p r o c e s s  o f  in t e g r a t in g  t w o  o r  m o r e  s e ts  o f  b in d in g s  f r o m  d is t r ib u t e d  s o u r c e s .  
S e c o n d ly ,  u s in g  U R I s  a l l o w s  b in d in g s  t o  r e f e r e n c e  a  m a jo r i t y  o f  w e b - a c c e s s ib l e  d a ta  a n d  
in f o r m a t io n .  T h i s  d a ta  r e f e r e n c e  a p p r o a c h  a v o id s  d a ta  a n d  m e t a d a t a  b e in g  c o p i e d  in t o  
c e n t r a l  s t o r a g e  a n d  e n a b le s  th e  m a n a g e m e n t  o f  b in d in g s  to  b e  in d e p e n d e n t .  F in a l l y ,  u s in g  
t a g s  a l l o w  d i f f e r e n t  t y p e s  o f  u s e r  a p p l i c a t io n s  t o  d e s c r ib e  b in d in g s  in  v a r io u s  c o n t e x t s ,  
i . e .  a  p r o v e n a n c e  a p p l ic a t io n  w o u ld  h a v e  t a g s ,  ‘ C o m e F r o m = S e r v e r  1 ’ , ‘ F u n c t io n = S c a n ’ , 
a n d  a  b i o l o g i c a l  im a g e  a n n o ta t io n  a p p l ic a t io n  w o u ld  h a v e  t a g s ,  ‘ E m b r y o ’ , ‘A b n o r m a l ’ . 
In  a  s e n s e ,  th e  d e s ig n  p r o v id e s  a  d a ta  s e r v i c e  a s  e a s y  t o  u s e  as F l i c k r ,  in  o t h e r  w o r d s ,  a  
F l i c k r - f o r - d a t a .  ( T h i s  w o u ld  r e q u ir e  th e  fu n c t i o n a l i t y  t o  b e  p a c k a g e d  in  a n  e a s y  t o  u s e  w e b  
p o r t l e t . )
T h e  d e s ig n  in t e n t io n a l l y  a v o id s  a n y  c o m p le x  d a ta  s t ru c tu re s  in  o r d e r  t o  r e d u c e  c o s t s  
in  im p le m e n t a t io n  a n d  in t e g r a t io n  w i t h  a n  e x t e r n a l  a p p l ic a t io n .  T h e  c h o s e n  t e c h n o lo g i e s ,  
i . e . ,  U U I D ,  U R I ,  a n d  ta g ,  h a v e  b e e n  w i l d l y  a p p l ie d ,  th u s  a l l o w in g  e a s y  a d o p t io n  b y  a p p l i ­
c a t io n  d e v e lo p e r s .
T h e  b in d in g  s e r v i c e  c a n  b e  u s e d  as a n  a d d - o n  t o o lk i t  t o  a u t o m a t ic a l ly  e x t e n d  a n  e x ­
is t in g  s y s t e m  w i t h  b in d in g  f a c i l i t i e s ,  i . e .  t o  c r e a t e  a n d  l o o k  u p  b in d in g s ,  a n d  t o  v a l id a t e  
c o n s i s t e n c y  o f  in f o r m a t io n .  A s  a n  e x a m p le ,  a  C D S  s e r v i c e  h a s  b e e n  d e s c r ib e d  in  a  p r e ­
v io u s  c h a p t e r  ( s e e  s e c t io n  4 .4 ) .  In  a  la t e r  c h a p te r  (C h a p t e r  7 ) ,  a  s a m p le  in s ta l la t io n  o f  
th e  b in d in g  s e r v i c e  t o  a  r e a l - w o r ld  s c i e n t i f i c  s y s t e m  w i l l  b e  in t r o d u c e d .  T h e  e x a m p le  w i l l
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d e m o n s t r a t e  h o w  th e  b in d in g  s e r v i c e  c a n  b e  u s e d  t o  d e te c t  r e a l is t ic  e r r o r s  w i t h in  E u r E x -  
p r e s s  d a ta  a n d  m e ta d a ta .  S u c h  a  v a l id a t i o n  f a c i l i t y  is  n o t  a u t o m a t ic a l ly  p r o v id e d  in  r e la t e d  
w o r k ,  i . e . ,  th e  O n t o G r id  S e m a n t ic  B in d in g  S e r v i c e ,  o r  a  L in k e d  D a t a  a p p l ic a t io n .  In  C h a p ­
t e r  7 ,  w e  w i l l  a ls o  d is c u s s  b in d in g  s o lu t io n s  t o  v a r io u s  o th e r  u s e  c a s e s .  In  p a r t ic u la r ,  w e  
w i l l  r e v i s i t  t h e  s e v e n  s c e n a r io s  r e s u l t in g  f r o m  th e  p r im a r y  s tu d y  a n d  i l lu s t r a t e  h o w  t o  u s e  
th e  b in d in g  s e r v i c e  t o  s u p p o r t  t h o s e  r e q u ir e m e n t s  in c lu d in g ,  a n n o ta t io n ,  d a ta  r e f e r e n c e ,  
d a ta  s h a r in g ,  a n d  d a ta  p u b l ic a t io n .
T h e  d e s ig n  d e l i b e r a t e l y  c h o o s e s  t o  d e n o t e  d a ta  a n d  m e ta d a ta  b y  r e f e r e n c in g  th e m  in  
o t h e r  s t o r a g e  s e r v i c e s .  T h i s  c h o i c e  m e t  an  is s u e  e x p e r ie n c e d  b y  c h e m o - in f o r m a t ic ia n s  
w h o  w e r e  n o t  a l l o w e d  t o  c o p y  d a ta  a n d  m e ta d a ta  t h e y  w is h e d  t o  a n n o ta te d . H o w e v e r  a 
d is a d v a n t a g e  o f  th is  a r r a n g e m e n t  is  th e  n e e d  t o  c o m p o s e  th e  b in d in g  s e r v i c e  w i t h  s t o r a g e  
s e r v i c e s  a n d  s u f f e r  th e  e x t r a  r e s p o n s e  d e la y  o f  c a l ls  t o  th o s e  s e r v ic e s .  T h is  c o m p le x i t y  
c a n  b e  h id d e n  b u t  th e  e f f e c t s  o n  n e t w o r k  t r a f f ic  a n d  r e s p o n s e  t im e s  r e m a in .  O f  c o u r s e ,  
a n  im p le m e n t a t i o n  o f  a  b in d in g  s e r v i c e  w h ic h  c a n  a ls o  s to r e  d a ta  a n d  m e ta d a ta  c o u ld  b e  
p r o v id e d  f o r  ‘ p r o d u c t io n ’ u s e . T h is  a d d i t io n a l  im p le m e n t a t io n a l  c o m p le x i t y  w a s  a v o id e d  
a s , a l th o u g h  i t  is  im p o r t a n t  in  p r a c t ic e ,  i t  is  n o t  p e r t in e n t  t o  th is  th e s is .
5.4 S u m m a r y
T h e  d e s ig n  o f  th e  b in d in g  s e r v i c e  f o r  s u p p o r t in g  s c ie n t i f i c  d a ta  a n d  m e ta d a ta  h a s  b e e n  
p r e s e n te d .  A  c o m p u t a t io n a l  r e p r e s e n ta t io n  o f  b in d in g  h a s  b e e n  p r o p o s e d ,  c o n s is t in g  o f  a  
g l o b a l  u n iq u e  b in d in g  id e n t if ie r ,  t h e  s u b je c t  a n d  th e  o b je c t  th a t  r e f e r e n c e  d a ta  a n d  m e t a ­
d a ta  r e s o u r c e s  r e s p e c t i v e l y  a n d  u s e r - a s s ig n e d  ta g s  th a t  d e s c r ib e  th e  n a tu r e  o f  th e  b in d in g  
r e la t io n s h ip .  A  s e t  o f  s e r v i c e  o p e r a t io n s  h a s  b e e n  d e f in e d .  T h e  d e s ig n  h a s  b e e n  d e m o n ­
s t r a t e d  b y  a  p r o t o t y p e  im p le m e n t a t io n .  T h e  n e x t  c h a p te r  e v a lu a te s  th e  p e r fo r m a n c e  o f  th e  
b in d in g  s e r v ic e .
C h a p t e r  6
P e r f o r m a n c e  Evaluation
In  th is  c h a p te r ,  c o n t r o l l e d  e x p e r im e n ts  a r e  o r g a n is e d .  T h e  r e s u lts  w i l l  c o n f i r m  ( o r  o t h e r ­
w i s e )  th e  h y p o t h e s is  th a t  th e  b in d in g  a p p r o a c h  is  f e a s ib l e  t o  s e r v e  s c ie n t i f i c  d a ta  a n d  m e t a ­
d a ta . T h e  e x p e r im e n t s  a ls o  a im  t o  i d e n t i f y  th e  l im i t s  o f  th e  s y s t e m , a n y  p e r fo r m a n c e  b o t ­
t le n e c k s ,  a n d  r e v e a l  o p p o r t u n it ie s  f o r  o p t im is a t io n .  T h e s e  m a y  in f lu e n c e  d e s ig n  c h o ic e s  
in  fu t u r e  w o r k .  C h a r a c t e r is t i c  w o r k l o a d  o f  c r e a t io n s  a n d  q u e r ie s  th a t  su ch  a  s e r v i c e  m u s t  
s u p p o r t  a r e  r e p o r t e d .  T h e n ,  s y n th e t ic  w o r k lo a d s  a re  s im u la t e d  a n d  th e  e f f i c i e n c y  o f  th e  
b in d in g  s e r v i c e  f o r  h a n d l in g  s im u la t e d  w o r k lo a d s  a r e  m e a s u r e d . T o  p r o v id e  a  s o lu t io n  f o r  
s c a l in g  u p  th e  b in d in g  s y s te m , p o t e n t ia l  a d v a n t a g e s  o f  C lo u d  t e c h n o lo g y  is  e x p lo r e d ,  a n d  
th e  p e r f o r m a n c e  a n d  s c a la b i l i t y  is  q u a n t i f i e d  b y  e x p e r im e n t a l  m e a s u r e s .
T h e  c h a p t e r  is  a r r a n g e d  a s  f o l l o w s :  S e c t i o n  6 .1  e v a lu a te s  th e  f e a s ib i l i t y  o f  th e  b in d in g  
s e r v ic e .  S e c t i o n  6 .2  e v a lu a te s  th e  s c a la b i l i t y  o f  th e  b in d in g  s e r v ic e .  S e c t io n  6 .3  s u m ­
m a r is e s  th e  c h a p te r .
6.1 Experimental Evaluation of Feasibility
P e r f o r m a n c e  e v a lu a t io n  m e t h o d s  c a n  b e  c la s s i f i e d  in t o  th r e e  m a in  c a t e g o r ie s :  s im u la t io n  
m e t h o d s ,  a n a ly t ic a l  m e t h o d s ,  a n d  m o n i t o r in g  m e t h o d s  [J a in  9 1 , K r e k  0 4 ] .  T h e  s im u la t io n  
a p p r o a c h e s  d i v i d e  fu r th e r  in t o  h a r d w a r e  s im u la t io n ,  fu n c t io n a l  s im u la t io n ,  a n d  w o r k lo a d  
s im u la t io n .  T h e  a n a ly t ic a l  m e t h o d s  a re  t y p i c a l l y  u s e d  in  r e s o u r c e  o r g a n is a t io n  d e s ig n  a n d  
c a p a c i t y  p la n n in g ,  i . e . ,  th e  d e t e r m in a t io n  o f  c o m p u t in g ,  c a c h in g  a n d  b u f f e r in g  c a p a c it y .  
T h e  m o n i t o r in g  a p p r o a c h e s  a r e  t y p i c a l l y  a p p l ie d  to  w o r k in g  p r o t o t y p e s ,  o r  f in a l  s y s t e m s  
[ K r e k  0 4 ] ,
F o r  q u a n t i t a t iv e  e v a lu a t io n s  o f  th e  p e r fo r m a n c e  o f  th e  b in d in g  s e r v ic e ,  w e  u s e  a  m o d e l -  
d r iv e n  w o r k l o a d  s im u la t io n  m e th o d .  W o r k lo a d s  c a p tu re  e x e c u t io n  b e h a v io u r s  o f  a  u se  
c a s e . A  u s e  c a s e  is  c o m p o s e d  o f  e x e c u t e d  a p p l ic a t io n s  a n d  s y s te m  s o f t w a r e ,  w h ic h  c o n s is t  
o f  fu n c t io n s  a n d  t h e ir  c o n t r o l  a n d  d a ta  f l o w  s tru c tu re s  [ K r e k  0 4 ] ,  W o r k lo a d  m o d e l l i n g  
a n d  s im u la t io n  r e q u ir e s  t o  c r e a t e  m o d e ls  th a t  r e p r e s e n t  th e  c h a r a c t e r is t ic s  o f  o b s e r v e d
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w o r k lo a d s  a s  c l o s e l y  as p o s s ib l e ,  a n d  u s e s  a  c o m p u t e r  p r o g r a m  t o  g e n e r a t e  e s t im a t e d  
w o r k l o a d  t r a c e s  b a s e d  o n  th e  m o d e l .  T h is  m e t h o d  a l l o w s  u s  t o  e x a m in e  th e  p e r f o r m a n c e  
b e h a v io u r s  o f  th e  p r o t o t y p e  s e r v i c e  in  s u p p o r t in g  s im p le  t o  c o m p le x  u s e  c a s e s  b e f o r e  a  
p r o d u c t io n  b in d in g  s e r v i c e  is  a v a i la b le .
T h e  w o r k l o a d  s im u la t io n  m e t h o d  i n v o l v e s  t w o  s te p s . F ir s t ly ,  w o r k l o a d  m o d e l l i n g  is  
r e q u ir e d  t o  p r o d u c e  s im u la t io n s  th a t  a r e  l i k e l y  t o  b e  p r e d i c t i v e  o f  t h o s e  o f  a  d e p l o y e d  
s y s t e m .  T o  th is  e n d , s y s t e m  m o n i t o r in g  in f o r m a t io n  o f  d a ta  a n d  m e t a d a t a  g e n e r a t i o n  
a n d  a c c e s s  b e h a v io u r  f r o m  s c i e n t i f i c  s y s t e m s  a re  g a t h e r e d  f r o m  W o r l d  W i d e  P r o t e in  D a ta  
B a n k  ( P D B ) 1, th e  B r i t i s h  A t m o s p h e r i c  D a t a  C e n t r e  ( B A D C ) 2 , E u r E x p r e s s  p r o j e c t 3 , a n d  
N a n o C M O S  p r o j e c t 4 . S e c o n d ly ,  a  w o r k f l o w  s im u la t io n  e n v i r o n m e n t  is  s e t  u p  t o  g e n e r a t e  
r e p r e s e n t a t iv e  w o r k lo a d s  b a s e d  o n  th e  r e a l - w o r ld  o b s e r v a t io n s .  T h e r e f o r e ,  th e  c o r r e l a ­
t io n s  o f  w o r k lo a d s  a n d  s e r v i c e  p e r f o r m a n c e ,  in  t e r m s  o f  p r o d u c t i v i t y  a n d  e f f i c i e n c y ,  c a n  
b e  o b s e r v e d  a n d  m e a s u r e d .
In  th e  f o l l o w i n g ,  th e  w o r k l o a d  m o d e l l i n g ,  e x p e r im e n t a l  s e tu p , a n d  e x p e r im e n t a l  r e ­
s u lts  a r e  p r e s e n t e d .
6 .1 .1  E x p e r i m e n t a l  W o r k l o a d s
A s  th e  p r o p o s e d  b in d in g  s e r v i c e  is  ( t o  th e  b e s t  o f  o u r  k n o w l e d g e )  th e  f i r s t  a p p l i c a t io n  
f e d e r a t in g  th e  a s s o c ia t io n s  o f  th e  d a ta  a n d  m e ta d a ta ,  th e r e  a r e  n o  r e a d i l y  a v a i l a b l e  s ta t is t ic s  
f o r  a  s y s t e m  o f  th is  t y p e .  H o w e v e r ,  r e le v a n t  s ta t is t ic s  o n  q u e r ie s  a n d  u p d a t e s  a r e  a v a i l a b l e  
f r o m  a  n u m b e r  o f  s c i e n t i f i c  a n d  W e b  2 .0  s y s t e m s .
F in d in g  s u i t a b le  w o r k l o a d  d a ta  is  n o t  e a s y .  M a n y  s c i e n t i f i c  d a ta  r e p o s i t o r i e s  d o  n o t  
p r o v i d e  s u c h  s ta t is t ic s ,  s in c e  t o  c o l l e c t  th is  in f o r m a t io n  r e q u ir e s  e x t r a  im p le m e n t a t i o n  a n d  
m a n a g e m e n t  e f f o r t .  A  n u m b e r  o f  s y s t e m s  k e e p  th e  a c c o u n t in g  o r  a c t i v i t y  l o g s  f r o m  w h ic h  
r e le v a n t  in f o r m a t io n  c a n  b e  e x t r a c t e d ,  h o w e v e r ,  m o s t  o f  th e m  a r e  f o r  p r iv a t e  u s e  o n ly .  
T h e r e  a r e  s o m e  p u b l is h e d  s ta t is t ic s ,  h o w e v e r ,  th e s e  d o  n o t  a lw a y s  c o n ta in  th e  r e q u ir e d  
l e v e l  o f  d e ta i l .  A n  e x t e n s i v e  s e a r c h  o f  r e p o s i t o r y  s it e s  h a s  u n c o v e r e d  th e  f o u r  s u it a b le  
d a ta  se ts . S o m e t im e s ,  o n e  c a n  in q u ir e  o f  p r o je c t s  a b o u t  t h e ir  s y s t e m  lo g s ,  as th e  e f f o r t s  
w e  m a d e  w i t h  E u r E x p r e s s  a n d  N a n o C M O S .  C a r e  h a s  t o  b e  ta k e n , s in c e  s u c h  l o g s  a lw a y s  
c o n ta in  u s e r s ’ in f o r m a t io n  o r  o t h e r  s e n s i t i v e  d a ta , t h e r e f o r e  p r i v a c y  c o u ld  b e c o m e  a n  is s u e .
B in d in g  W r i t e  W o r k l o a d  P a t t e r n s
T h r e e  t y p e s  o f  d a ta  a n d  m e t a d a t a  c r e a t io n  w o r k lo a d s  a r e  id e n t i f i e d :  U n i f o r m  S m a l l  U p ­
d a te s , C o n t in u in g  G ro w th  a n d  In te n s iv e  B u r s t  w ith  U n i fo r m  B a c k g ro u n d .  T h e s e  a r e  th e  
b in d in g  w r ite  w o r k lo a d s .
'w w P D B : w w pdb.org
2B A D C : badc.nerc.ac.uk
3EurExpress project: w w w .eurexpress.org
4N an oC M O S  project: www .nanocm os.ac.uk
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A .  U n i f o r m  S m a l l  U p d a t e s .  U n i f o r m  s m a l l  u p d a te s  a r e  s e e n  in  th e  d a ta  c o l l e c t e d  b y  th e  
E u r E x p r e s s  p r o je c t .  A  p r e v io u s  c h a p t e r  h a s  in t r o d u c e d  th e  p r o je c t  b a c k g r o u n d :  b r ie f l y ,  th e  
E u r E x p r e s s  p r o j e c t  h ig h - t h r o u g h p u t  g e n e r a t e s  th e  e x p r e s s io n  p a t te rn s  o f  - 2 0 , 0 0 0  g e n e s  
v i a  R N A  in  s itu  h y b r id is a t io n  ( I S H ) .  T h e s e  a re  r e c o r d e d  f r o m  s a g it t a l  h i s t o l o g i c a l  s e c ­
t io n s  f r o m  1 4 .5  d a y s  w i l d  t y p e  m o u s e  e m b r y o s ,  a n d  r e s u lt  in  a  d ig i t a l  ‘ t r a n s c r ip t o m e  a t ­
l a s ’ . E a c h  h a s  d e t a i l e d  d e s c r ip t io n s  o f  g e n e  e x p r e s s io n  p a t te rn s  in  t e r m s  o f  th e  u n d e r l y in g  
a n a to m y .  A  d a ta  w a r e h o u s e  h a s  b e e n  b u i l t  t o  f e d e r a t e  th e  g e n e  e x p r e s s io n  im a g e s  a n d  th e  
r e la t e d  m e t a d a t a  in c lu d in g  th e  e x p e r im e n t  in f o r m a t io n  a n d  a n n o ta t io n s .  T h e  a n n o ta t io n s  
a r e  m a d e  b y  b i o l o g i s t  e x p e r t s  m a n u a l ly ,  a n d  s t o r e d  in  X M L .  (S e e  s e c t io n  2 .3  f o r  a  d e t a i l e d  
d is c u s s io n  o f  th is  p r o j e c t ’ s b in d in g  r e q u ir e m e n t s . )
E u r E x p r e s s  A n n o ta t io n  G e n e r a t io n  W o r k lo a d  D ensity Plot E u rE x p re s s  A nn o ta tio n  Data
Nov-05 Apr-06 Sep-06 Feb-07 Jul-07 Nov-07 Apr-08 o 200 400 600 800
Pate Number of Annotation
F ig u r e  6 .1 :  E u r E x p r e s s  a n n o ta t io n  g e n e r a t io n  w o r k lo a d s  s h o w  a  u n ifo rm  p a t te rn .
T h e  l e f t  g r a p h  o f  F ig u r e  6 .1 is  th e  p lo t  o f  d a i l y  a n n o ta t io n  w o r k lo a d  t r a c e  f r o m  N o v e m ­
b e r  2 0 0 5  t o  M a y  2 0 0 9 ,  a n d  th e  r ig h t  g r a p h  is  th e  h is to g r a m . T h e  h is t o g r a m  s h o w s  th a t  
th e  f r e q u e n c ie s  o f  th e  n u m b e r  o f  a n n o ta t io n  a re  r e l a t i v e l y  f la t  a c r o s s  th e  r a n g e  o f  th e  d a ta . 
T h is  s u g g e s t s  th a t  th e  u n i fo r m  d is t r ib u t io n  m ig h t  p r o v id e  a  b e t t e r  d is t r ib u t io n a l  f i t  th a n  th e  
n o r m a l  d is t r ib u t io n .  W e  u s e  u n i fo r m  d is t r ib u t io n s  t o  m o d e l  th is  w o r k lo a d .  C o m p a r e d  to  
a u t o m a t e d  p r o c e s s in g ,  h u m a n  b e h a v io u r  t e n d s  to  b e  s ta t io n a r y . T o  m o d e l  th is  w o r k lo a d ,  a  
s im p le  U n i f o r m  D is t r ib u t io n  is  u s e d :
f ( x )  =  \ / ( b - a ) , a < x < b  ( 6 . 1 )
B . C o n t in u in g  G r o w t h .  T h e  c o n t in u in g  g r o w t h  p a t te rn  is  o b s e r v e d  f r o m  th e  s ta t is t ic s  o f  
p r o t e in  s t ru c tu r e  d e p o s i t i o n  p r o v id e d  b y  th e  w w P D B  s ite . T h e  W o r ld  W i d e  P r o t e in  D a ta  
B a n k  ( P D B )  m a in ta in s  a  s in g l e  p r o t e in  d a ta  b a n k  a r c h iv e  o f  m a c r o m o le c u la r  s t ru c tu re  d a ta  
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F ig u r e  6 .2 :  P D B  p r o t e in  s t ru c tu r e  g e n e r a t io n  w o r k lo a d s  s h o w  a  c o n t in u in g  g r o w th  p a t te rn .
f la t  f i l e s  a n d  p r o c e s s e d  b y  th e  ‘ a r c h iv e  k e e p e r s ’ w h o  h a v e  s o l e  w r i t e  a c c e s s  t o  th e  P D B  
a r c h iv e  a n d  c o n t r o l  o v e r  th e  d i r e c t o r y  s t ru c tu r e  a n d  c o n te n t s .  S in c e  1 9 7 3  t o  d a te ,  th e  
d e p o s i t o r y  h a s  c o l l e c t e d  n e a r l y  7 0 ,0 0 0  P D B  s t ru c tu r e s 5 .
F i g u r e  6 .2  p lo t s  th e  s u b m it t e d  a n d  r e le a s e d  P D B  s t ru c tu r e  n u m b e r s  o v e r  t im e .  T h e  
l e f t  f i g u r e  p r e s e n ts  th e  y e a r l y  s u m  o f  P D B  s t ru c tu re  n u m b e r s ,  w i t h  th e  u p p e r  l i n e  s h o w in g  
th e  s u b m is s io n  n u m b e r s  a n d  th e  l o w e r  l in e  s h o w in g  th e  r e le a s e d  n u m b e r s .  A  s u b m it t e d  
s t ru c tu r e  m ig h t  b e  h e ld  a n d  n o t  r e le a s e d  u n t i l  p u b l ic a t io n .  F r o m  2 0 0 0  t o  2 0 0 7 ,  th e r e  is  a  
c l e a r  t r e n d  o f  c o n t in u in g  g r o w t h .  N o t e ,  th e  a c c u m u la t e d  d a ta  in  2 0 0 8  c o v e r s  o n l y  p a r t  o f  
th e  y e a r .  W h e n  p lo t t in g  th e  d a i l y  r e le a s e d  P D B  s t ru c tu r e  n u m b e r ,  a s  s h o w n  in  th e  r ig h t  
f i g u r e ,  w e  s t i l l  s e e  th e  l in e a r  g r o w t h  t r e n d  f r o m  2 0 0 0  t o  2 0 0 7  w h ic h  m e a n s  th e  w o r k l o a d  
c h a n g e s  in  a  w e l l - d e f i n e d  w a y  w i t h  t im e .  T h is  w o r k l o a d  a p p e a r s  t o  b e  c o m m o n  f o r  m a n y  
s c i e n t i f i c  d a ta  r e p o s i t o r ie s .  T h e  in c r e a s in g  l in e a r  t r e n d  m ig h t  d u e  t o  th e  r e a s o n s  1 ) th e  
s y s t e m  m a n a g e m e n t  b e c o m e s  m o r e  e f f i c i e n t ,  2 )  th e  s i t e  g a in e d  m o r e  p o p u la r i t y ,  a n d  3 )  
t e c h n o lo g i e s  t o  p e r f o r m  th e  b i o l o g i c a l  e x p e r im e n t s  b e in g  u p g r a d e d .
M o d e l l i n g  th is  w o r k l o a d  is  s t r a ig h t fo r w a r d .  F o r  a  s im u la t o r  to  g e n e r a t e  b in d in g - w r i t e  
w o r k lo a d s ,  a  c e r t a in  in c r e m e n t  is  a d d e d  w i t h  e a c h  t im e  u n it ,  t ,  th u s  h a v e :
Xt — Ao + A xf + !^  ( 6 . 2 )
w h e r e  A o  is  th e  s t a r t in g  w o r k lo a d ,  A  r e p r e s e n ts  th e  d e t e r m in is t i c  l in e a r  t r e n d  a n d  t,, is  a  
r a n d o m  f lu c t u a t io n  th a t  o c c u r s  a t t.
C .  I n t e n s i v e  B u r s t  +  U n i f o r m  B a c k g r o u n d .  A  th ir d  d a ta  g e n e r a t io n  w o r k l o a d  p a t te rn  
is  d i s c o v e r e d  f r o m  th e  w o r k l o a d  t r a c e s  o f  th e  N a n o C M O S  p r o j e c t  a n d  th e  A t m o s p h e r i c  
C h e m is t r y  E x p e r im e n t s  f r o m  B A D C .
5http://www.pdb.org/pdb/static.do?p=general information/pdb statistics/index.html, retrieved D ec. 2010
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F ig u r e  6 .3 :  N a n o C M O S  a n d  B A D C  e x p e r im e n ta l  d a t a  g e n e r a t io n  w o r k lo a d s  s h o w  a  b u rs t 
p a t te rn .
T h e  E P S R C  p i l o t  p r o je c t ,  N a n o C M O S  s ta r te d  s in c e  O c t o b e r  2 0 0 6 , a p p l ie s  e - S c i e n c e  
a n d  G r id  t e c h n o lo g y  t o  in v e s t ig a t e  n e w  a r c h it e c tu re s  f o r  in t e g r a t e d  c ir c u it s  a n d  s y s te m s  
t o  c a p t u r e  th e  c o m p l e x i t y  o f  th e  in c r e a s in g  d e v i c e  v a r ia b i l i t y  in  C o m p le m e n t a r y  M e t a l  
O x i d e  S e m ic o n d u c t o r  ( C M O S )  t r a n s is to r  d e s ig n s  [S in n  0 7 ] ,  U s e r s  s u b m it  j o b s  t o  th e  
G r id  s e r v i c e  a n d  c o n d u c t  h ig h e r - l e v e l  c i r c u i t  a n d  s y s te m  s im u la t io n s .  T h e  s im u la t io n  
r e s u lt s  t o g e t h e r  w i t h  th e  m e ta d a ta  in  f i l e  fo r m a ts  a r e  g e n e r a t e d  a n d  s to r e d  f o r  th e  la te r  
a n a ly s is .  T h e  t o p - l e f t  f i g u r e  o f  F ig u r e  6 .3  d e s c r ib e s  5 m o n th s  (N o v e m b e r  2 0 0 8  - M a r c h  
2 0 0 9 )  w o r k l o a d  t r a c e  o f  N a n o C M O S  e x p e r im e n ta l  d a ta  g e n e r a t io n .
T h e  B r i t i s h  A t m o s p h e r i c  D a ta  C e n t r e  ( B A D C )  is  th e  N a t u r a l  E n v ir o n m e n t  R e s o u r c e  
C o u n c i l ’ s ( N E R C )  d e s ig n a t e d  d a ta  c e n t r e  f o r  th e  A t m o s p h e r i c  S c ie n c e s .  T h e  B A D C  d a ta  
c o l l e c t i o n  in c lu d e s  g r o u n d  b a s e d  o b s e r v a t io n s  f r o m  M e t  O f f i c e  s u r fa c e  s ta t io n s , S a t e l l i t e
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d a ta  f r o m  T O M S ,  E n v is a t  &  M S G ,  s u b m is s io n s  f r o m  N E R C  p r o g r a m m e s  s u c h  a t U T L S ,  
C W V C  &  U R G E N T ,  a n d  m o d e l  o u tp u ts  f r o m  N W P  (N u m e r i c a l  W e a t h e r  P r e d i c t i o n )  a n d  
E C M W F  r e - a n a ly s e s  &  C l im a t e  m o d e ls .  A r o u n d  1 3 0  d a ta s e ts  in  s t o r e ,  a n d  t o t a l  s i z e  
o f  c o l l e c t i o n  is  o v e r  6 0 T B .  O n e  t h e m e  o f  B A D C  d a ta s e ts , th e  A t m o s p h e r i c  C h e m is t r y  
S t u d ie s  in  th e  O c e a n ic  E n v i r o n m e n t  ( A C S O E ) ,  is  a n a ly s e d ,  a n d  th e  w o r k l o a d  s t a t is t ic s  o f  
A C S O E  e x p e r im e n t a l  d a ta  g e n e r a t io n  f r o m  A p r i l  1 9 9 6  t o  D e c e m b e r  1 9 9 8  a re  g a t h e r e d .  
T h e  p lo t  is  s h o w n  in  th e  t o p  r ig h t  f i g u r e  o f  F i g u r e  6 .3 .
T h e  la r g e - s c a le  f lu r r ie s  a r e  o b s e r v e d  in  b o th  w o r k l o a d  t r a c e s .  S u c h  f lu r r ie s  d o  n o t  
s p a n  th e  s p a c e  o f  a t t r ib u te  c o m b in a t io n s  o f  th e  w h o l e  w o r k lo a d ,  b u t  r a th e r  c o n c e n t r a t e  a t 
a  c e r t a in  p o in t  o r  a t a  s m a l l  n u m b e r  o f  p o in ts .  F r o m  th e  p lo t s  o f  th e  d a i l y  e x p e r im e n t a l  
d a ta  g e n e r a t io n  w o r k lo a d s  o v e r  c e r t a in  p e r io d  o f  t im e  s h o w n  in  th e  t o p  t w o  f i g u r e s ,  i t  c a n  
b e  o b s e r v e d  th a t  th e  l e v e l  o f  b u rs t  a c t i v i t i e s  is  u p  to  10  t im e s  th e  a v e r a g e .  T h e  b o t t o m  
t w o  f i g u r e s  s h o w  th e  d e n s i t y  d is t r ib u t io n s  o f  th e  o b s e r v a t io n  v a lu e s ,  w h i c h  e x p o s e  th e  
e x i s t e n c e  o f  l a r g e  p r o p o r t i o n  o f  l o w  d e p o s i t i o n  ra t e s  a n d  v e r y  l o w  p r o p o r t i o n  o f  e x t r e m e l y  
h ig h  d e p o s i t i o n  r a te s . T h e  r e a s o n s  f o r  th e  b u rs t  in  s c i e n t i f i c  d a ta  g e n e r a t io n  p r o c e s s e s  
m a y  d u e  t o  b a t c h  a r r iv a ls  ( i n  th e  c a s e  o f  B A D C  w o r k l o a d  t r a c e ) ,  o r  s o m e  s p e c ia l  u s e r s  ( o r  
a p p l i c a t i o n s )  o c c a s i o n a l l y  c o m e  a n d  b e h a v e  d i f f e r e n t l y  f r o m  c o m m o n  u s e r s  ( i n  th e  c a s e  
o f  N a n o C M O S  w o r k l o a d  t r a c e ) .
S e v e r a l  m e t h o d s  h a v e  b e e n  p r o p o s e d  t o  m o d e l  b u rs ts , in c lu d in g  s e l f - s im i l a r i t y  m o d ­
e l l i n g  [ L i u  0 8 ] ,  M a r k o v - m o d u la t e d  P o is s o n  p r o c e s s  ( M M P P )  [M u s e  0 5 , S h a h  0 0 ] ,  B a t c h  
M a r k o v ia n  A r r i v a l  P r o c e s s  ( B M A P )  [ K l e m  0 3 ] ,  P s e u d o - P e r i o d i c  s im u la t io n  [ L i  0 7 ] ,  a n d  
H id d e n  M a r k o v  M o d e l s  ( H M M )  [F e i t  0 2 ] ,  T h e  H id d e n  M a r k o v  M o d e l s ,  a  s p e c i f i c  t y p e  o f  
M a r k o v  m o d e l ,  is  u s e d  b y  th e  b in d in g  w o r k l o a d  s im u la to r .  H M M  m o d e l l i n g  in c lu d e s  t w o  
p a r ts :  th e  f i r s t  is  a  M a r k o v  c h a in ,  w h ic h  p r o v id e s  th e  d y n a m ic ,  i . e . ,  h o w  th in g s  c h a n g e  
w i t h  t im e ;  th e  o t h e r  is  a  s e t  o f  d is t r ib u t io n s  f o r  e a c h  s ta te  in  th e  M a r k o v  c h a in  th a t  g e n ­
e r a te s  th e  o u tp u ts  [ F e i t  0 2 ] ,  T h e  b in d in g  w o r k l o a d  s im u la t o r  d e f in e s  N  s ta te s  o f  M a r k o v  
c h a in ,  th e  d is t r ib u t io n  o f  g e n e r a t e d  b in d in g s  a t e a c h  s ta te  is  V  =  { v i , V 2 , . . .  v „ } .
B in d in g  R e a d  W o r k l o a d  P a t t e r n s
T o  o b ta in  d a ta  a n d  m e t a d a t a  a c c e s s  p a t te rn s  f o r  r e p r e s e n t in g  th e  b in d in g  re a d  w o r k l o a d ,  
t w o  s c i e n t i f i c  s y s t e m s  h a v e  b e e n  o b s e r v e d .  F ig u r e  6 .4  s h o w s  th e  a c c e s s  w o r k l o a d  t r a c e s  
o f  P D B  d a ta  f r o m  A u g u s t  2 0 0 7  t o  A p r i l  2 0 0 9  ( in  th e  l e f t  f i g u r e ) ,  a n d  o f  E u r E x p r e s s  d a ta  
f r o m  M a r c h  2 0 0 6  t o  N o v e m b e r  2 0 0 7  ( in  th e  r ig h t  f i g u r e ) .  T w o  w o r k lo a d s  e x h ib i t  a  s im i la r  
s t ru c tu r e  b u t d i f f e r e n t  d e ta i ls .
T a k in g  th e  E u r E x p r e s s  w o r k l o a d  a s  e x a m p le ,  w h e n  u s in g  th e  h is t o g r a m  t o  i l lu s t r a t e  
th e  d is t r ib u t io n  s h a p e  o f  th e  w o r k l o a d  v a lu e s ,  as s h o w n  in  th e  t o p - r ig h t  f i g u r e  o f  F i g ­
u re  6 .5 ,  a  s k e w e d  W e ib u l l  d is t r ib u t io n  [B a la  0 6 ]  c a n  b e  o b s e r v e d .  O t h e r  f i g u r e s  in  F i g -
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F ig u r e  6 .4 :  P D B  a n d  E u r E x p r e s s  a c c e s s  w o r k lo a d s  s h o w  a  n o rm a l d is tr ib u t io n  p a t te rn .
u r e  6 .5  d e s c r ib e  th e  d is t r ib u t io n  f i t t in g  p r o c e s s e s  a p p l ie d  t o  th e  e m p ir ic a l  v a lu e s .  T h e  p d f  
( p r o b a b i l i t y  d e n s i t y  fu n c t i o n )  o f  W e ib u l l  d is t r ib u t io n  is  d e f in e d  as:
<6.3)
O n  f i t t in g  t o  th e  o b s e r v a t io n  d a ta 6 , th e  s h a p e  p a r a m e te r  is  e s t im a t e d  t o  b e :  a  =  1 .7 4 , 
a n d  th e  s c a le  p a r a m e te r  is :  (3 =  2 9 .3 .
T o  m e a s u r e  th e  g o o d n e s s  o f  f i t ,  th e  q u a n t i le - q u a n t i le  ( Q - Q )  p lo t  is  u s e d 7 , w h ic h  is  
s h o w n  in  th e  b o t t o m  f ig u r e s  in  F ig u r e  6 .5 . F le r e  th e  q u a n t i le s  o f  w o r k lo a d  t r a c e  a n d  o f  a  
s a m p le  f r o m  th e  t h e o r e t ic a l  W e ib u l l  d is t r ib u t io n  a r e  c o m p a r e d .  I f  b o th  s e ts  o f  d a ta  w e r e  
d r a w n  f r o m  th e  s a m e  d is t r ib u t io n ,  a  s t r a ig h t  l in e  w i t h  s lo p e  1 is  e x p e c t e d .  A s  s h o w n  in  th e  
f i g u r e ,  th is  c o n d i t i o n  a p p e a r s  t o  b e  w e l l  s a t is f ie d .  A c c o r d in g l y ,  a  s y n th e t ic  b in d in g - r e a d  
w o r k l o a d  c a n  b e  m o d e l l e d  b y  s a m p l in g  f r o m  th e  d is t r ib u t io n s  th a t  c o n s t i tu t e  th e  W e ib u l l  
d is t r ib u t io n  fe a t u r e s  w h ic h  r e p r e s e n t  th e  w o r k l o a d  th a t  th e  s y s t e m  w o u ld  l i k e l y  e n c o u n te r  
in  p r a c t ic e .
B e s id e s  a c c e s s  v o lu m e ,  a n o th e r  w o r k lo a d  fe a t u r e  o f  in t e r e s t  is  th e  r e la t i v e  p o p u la r i t y  
o f  d a ta  i t e m s .  F i g u r e  6 . 6  s h o w s  th e  d is t r ib u t io n  o f  th e  p r o t e in  s tru c tu re s  a c c e s s  f r e q u e n c y  
in  P D B  o n  a  l o g - l o g  s c a le .  T h e  x - a x is  r e p r e s e n ts  th e  P D B  s tru c tu re  ID s ,  o r d e r e d  b y  
d e s c e n d in g  a c c e s s  f r e q u e n c y .  T h e  y - a x i s  r e f e r s  t o  th e  a c c e s s  f r e q u e n c y .  T h e  d is t r ib u t io n  
s h o w s  th e  Z i p f  s h a p e  [B a la  0 6 ] ,  1 %  o f  p r o t e in  s tru c tu re s  a t t r a c te d  - 9 0 %  a c c e s s  h its .
6R  statement, fitdistr(), is used to estimate the parameters, which provides a nonlinear fitting method, the 
m ax im u m -like lihood  m odel.
7R  statement, qqp lot(), is used, w hich compares the em pirical quantiles w ith the ones from  a theoretical 
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Figure 6.5: Analysis of EurExpress Access Workloads
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PDB Structure Access Distribution
F ig u r e  6 .6 : D is tr ib u tio n  o f  P D B  ID s  A c c e s s  F r e q u e n c y
T h is  fe a t u r e  s u g g e s t s  o p t im is a t io n  in  th e  d e s ig n .  F o r  e x a m p le ,  c a c h in g  m e r e l y  1 %  o f  
m o s t  a c c e s s e d  d a ta  i t e m s  m a y  g r e a t l y  im p r o v e  th e  r e s p o n s e  e f f i c i e n c y .  In  c o n tr a s t ,  i f  th e  
a c c e s s e s  a r e  n o t  c lu s t e r e d ,  th e  c a c h e  s t r a t e g ie s  m a y  n o t  a c h ie v e  h ig h  p e r f o r m a n c e  g a in s .
B in d in g  C o n t e n t  W o r k l o a d  P a t t e r n s
T a g g in g  b e h a v io u r  is  a n o th e r  f a c t o r  a f f e c t in g  th e  b in d in g  r e a d  a n d  w r i t e  p e r fo r m a n c e .  
F o r  e x a m p le ,  t o  in s e r t  th e  b in d in g s  w i t h  m o r e  ta g s  w i l l  r e q u ir e  m o r e  c o m p u t a t io n  th an  
th e  b in d in g s  w i t h  f e w  a t t a c h e d  ta g s ,  a n d  t o  q u e r y  w i t h  f r e q u e n t l y  u s e d  ta g s  w i l l  r e t r i e v e  
m o r e  b in d in g s  th a n  w i t h  r a r e l y  u s e d  ta g s . T h e  d i f f e r e n c e  c o u ld  b e c o m e  s ig n i f i c a n t  as th e  
b in d in g  s i z e  in c r e a s e s .  8
T o  u n d e r s ta n d  l i k e l y  t a g g in g  b e h a v io u r ,  th e  d a ta  r e s o u r c e  o f  a  r a n d o m  s n a p s h o t  ( D e ­
c e m b e r  2 0 0 6 )  f r o m  F l i c k r  is  a n a ly s e d ,  w h ic h  in c lu d e s  3 .6  m i l l i o n  p h o to s ,  a n d  1 4 .9  m i l l i o n  
t a g s  ( a m o n g  th e m , 3 9 1 ,6 0 1  u n iq u e  t a g s ) .  T h e  l e f t  f i g u r e  o f  F i g u r e  6 .7  s h o w s  th e  p lo t  o f  
th e  t a g  f r e q u e n c y  o n  a  l o g - l o g  s c a le .  T h e  x - a x is  r e p r e s e n ts  th e  u n iq u e  ta g s  r a n k in g  in  
d e s c e n d in g  t a g  f r e q u e n c y .  T h e  y - a x i s  r e f e r s  t o  th e  t a g  f r e q u e n c y .  T h e  d is t r ib u t io n  f o l l o w s  
Z i p f ’ s la w :
c « C x  r “  ( 6 . 4 )
w h e r e  C  is  s o m e  c o n s ta n t  th a t  r e f l e c t s  th e  n u m b e r  o f  s a m p le s  a n d  th e  n u m b e r  o f  i t e m s  to  
c h o o s e .
T h e  Z i p f  d is t r ib u t io n  h a s  b e e n  c o m m o n ly  u s e d  t o  m o d e l  p o p u la r i t y  [ A d a m  0 2 , L i  9 2 ] ,  
In  th is  c a s e ,  th e  s t a te m e n t  in d ic a t e s  th e  p r o b a b i l i t y  o f  a  t a g  h a v in g  t a g  f r e q u e n c y  c  is
8W e  currently on ly  m odel the binding tag behaviours. F or the other three binding attributes (b inding ID  
w hich is a U U ID , b ind ing subject and binding ob ject w hich are U R Is ), w e  assume the variations o f  their data 
size do no have sign ificant effects on binding perform ance.
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F lic k r  T a g  F r e q u e n c y  D is tr ib u tio n F l i c k r  T a g  N u m b e r  D is t r i b u t i o n
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F ig u r e  6 .7 :  D is tr ib u t io n  o f  F lick r  T a g  F r e q u e n c y  a n d  T a g  N u m b e r  P e r  P h o t o
p r o p o r t i o n a l  to  i~ a . I n  o t h e r  w o r d s ,  b e in g  in  r a n k  i  m e a n s  th a t  th e r e  a r e  i  i t e m s  w i t h  
a c c e s s  c o u n ts  la r g e r  th a n  c .  S im i l a r  o b s e r v a t io n s  h a v e  b e e n  r e p o r t e d  b y  o t h e r  r e s e a r c h  
[ S i g u  0 8 ,  G o l d  0 5 ] ,  a n d  o u r  r e s u lt s  c o n f i r m  th is  s p e c ia l  t a g g in g  b e h a v io u r s .  F i t t in g  th e  
e m p i r i c a l  d a ta ,  th e  e s t im a t e d  p a r a m e te r  is  a  =  0 .9 .
T h e  r i g h t  f i g u r e  o f  F i g u r e  6 .7  s h o w s  th e  d is t r ib u t io n  o f  th e  n u m b e r  o f  t a g s  p e r  p h o t o  
a ls o  f o l l o w s  th e  Z i p f  d is t r ib u t io n .  T h e  x - a x i s  r e p r e s e n ts  th e  3 .6  m i l l i o n  p h o t o s ,  r a n k e d  b y  
t h e  n u m b e r  o f  t a g s  p e r  p h o t o  in  a  d e s c e n d in g  o rd e r .  T h e  y - a x i s  r e f e r s  t o  th e  n u m b e r  o f  
t a g s  a s s ig n e d  t o  p h o to .  T h e  p r o b a b i l i t y  o f  h a v in g  x  t a g s  p e r  p h o t o  is  p r o p o r t i o n a l  t o  i~ 0 A .
T h e  b in d in g  w o r k l o a d  s im u la t o r  u s e s  a  v o c a b u la r y  b a s e  f r o m  W o r d N e t  3 .0 9 1 4 4 ,8 9 5  
E n g l i s h  w o r d s ,  a n d  g e n e r a t e s  th e  b in d in g  t a g s  in  a c c o r d a n c e  w i t h  th e  t a g  c h a r a c t e r is t ic s  
in  F l ic k r .
6 . 1 . 2  E x p e r i m e n t a l  S e t u p
T h e  e x p e r im e n t  e n v i r o n m e n t  is  s h o w n  in  F i g u r e  6 .8 . A  w e b  s e r v e r  is  s e t  u p  t o  ru n  th e  
b in d in g  s e r v i c e .  A  c l i e n t  c o n s is t s  o f  a  w o r k l o a d  s im u la t o r  a n d  a  p e r f o r m a n c e  m o n it o r .  T h e  
s im u la t o r  b a s e s  o n  th e  e s t a b l is h e d  w o r k l o a d  m o d e ls  t o  g e n e r a t e  v a r io u s  w o r k l o a d  t r a c e s .  
T h e  m o n i t o r  c o l l e c t s  th e  p e r f o r m a n c e  m e a s u r e s  o f  th e  b in d in g  s e r v i c e  in  r e s p o n d in g  th e  
s im u la t e d  w o r k lo a d s .  T h e  m e a s u r e s  a r e  s t o r e d  in  a  lo c a l  d a ta b a s e ,  a n d  fu r th e r  d e l i v e r e d  t o  
a  s t a t is t ic a l  a n a ly s is  t o o l ,  R 10, w h ic h  o u tp u ts  d ia g r a m s  g r a p h ic a l l y  d e p ic t in g  th e  r e s u lt s .
T h e  s im u la t o r  is  im p le m e n t e d  b y  u s in g  th e  S t o c h a s t ic  S im u la t io n  in  J a v a  ( S S J )  l i ­
b r a r y 11 d e v e l o p e d  a t th e  U n i v e r s i t é  d e  M o n t r e a l .  T h e  S S J  l ib r a r y  p r o v id e s  f a c i l i t i e s  
f o r  g e n e r a t in g  r a n d o m  v a r ia n ts  r e la t e d  t o  p r o b a b i l i t y  d is t r ib u t io n s ,  m a n a g in g  a  s im u la -
9W ordN et: wordnet.princeton.edu
10R : http://www.r-project.org/
11 SSJ: http://www.iro.umontreal.ca/ simardr/ssj/indexe.html












F ig u r e  6 .8 : E x p e r im e n ta l  E n v ir o n m e n t
t io n  c l o c k ,  a n d  p r o g r a m m in g  d is c r e t e - e v e n t  s im u la t io n s  w i th  b o th  e v e n t s  a n d  p r o c e s s e s  
[ L E c u  0 2 ] ,  C la s s e s  f r o m  o t h e r  o p e n  s o u r c e  J a v a  l ib r a r ie s  a re  u s e d , in c lu d in g  th e  C o l t ,  d e ­
v e l o p e d  a t th e  C E R N .  T h e  C o l t  is  d e s ig n e d  f o r  h ig h  p e r fo r m a n c e  s c i e n t i f i c  a n d  t e c h n ic a l  
c o m p u t in g  in  J a v a . I t  p r o v id e s  th e  e f f i c i e n c y  a n d  c o n v e n ie n c e  o f  th e  s ta t is t ic s  im p le m e n ­
ta t io n  [H o s e  0 4 ] .  T h e s e  c la s s e s  a r e  u s e d  to  im p le m e n t  s p e c ia l  d is t r ib u t io n s  s u c h  a s  Z i p f  
w h i c h  is  a b s e n t  f r o m  m o s t  o f  th e  J a v a  m a t h e m a t ic s  l ib r a r ie s .
T h e  m a c h in e  t y p e s  a r e  a s  f o l l o w s :  I n t e l ( R )  C o r e ( T M ) 2  Q u a d  C P U  Q 9 4 0 0  2 .6 6 G H z ,  
R A M  7 G B ,  H a r d  D i s k  1 4 4 G B ,  1 0 0 M b p s  n e t w o r k  in t e r fa c e ,  O S  R e d  H a t  4 .1 .2 -4 2 .  T h e  
w e b  s e r v e r  is  c o n f i g u r e d  w i t h  T o m c a t  5 .5 ,  O G S A - D A I  s e r v e r  s e t t in g s ,  a n d  M y S Q L  6 .0 . 
T h e  c l i e n t  is  e q u ip p e d  w i t h  J a v a  1 .5 , R  2 .9 ,  a n d  M y S Q L  d a ta b a s e  6 .0 .
A  b e n c h m a r k  is  ru n  t o  c o n t r o l  th e  e x p e r im e n t  w o r k f l o w ,  w h ic h  c o n s is t s  o f  a  s e t  o f  
c o m m a n d  s c r ip t s  th a t  c le a n  u p  th e  s t o r a g e ,  s ta rts  th e  s im u la t o r  t o  g e n e r a t e  b in d in g  r e a d  
o r  w r i t e  w o r k lo a d s ,  c o l l e c t s  a n d  s to r e s  th e  m e a s u r e s ,  a n d  d e l i v e r s  th e  m e a s u r e m e n ts  t o  R .  
E a c h  c o n f i g u r a t io n  is  r e p e a t e d  10  t im e s ,  a n d  th e  m e a n  v a lu e s ,  th e  S ta n d a rd  E r r o r s  ( S E s )  
a n d  th e  9 5 %  C o n f id e n c e  In t e r v a ls  ( 9 5 %  C I s )  a r e  c a lc u la t e d .
E x p e r im e n t a l  C o n f i g u r a t i o n s
T a b le  6 .1  l is t s  th e  d is t r ib u t io n  m o d e ls  a n d  th e  in p u t  p a r a m e te r s  u s e d  in  th e  e x p e r im e n t s .  It  
s e r v e s  a s  a  r e f e r e n c e  ta b le .  T h e  c o n te n t s  w i l l  b e  e x p la in e d  w h e n  w e  d e s c r ib e  th e  s im u la ­
t io n  d e ta i ls .  B r i e f l y ,  th e  t w o  m a in  v a r ia b le s  a r e  th e  w o r k lo a d  t y p e  a n d  th e  s c a le  o f  r e q u e s t .  
T h e  w o r k l o a d  t y p e s  a r e  d e t e r m in e d  b y  th e  in p u t  d is t r ib u t io n  m o d e ls  c o n s t r u c t e d  f r o m  th e  
r e a l - w o r ld  o b s e r v a t io n s .  T h e  s c a le s  o f  th e  r e q u e s ts  a r e  s m a l l ,  m o d e r a t e ,  la r g e ,  a n d  u ltra .
In  th e  c a s e  o f  b in d in g - w r i t e  w o r k lo a d s ,  th e  L a r g e  S c a le  in  T a b le  6 .1  is  c o n f i g u r e d  w i t h  
th e  p a r a m e te r s  o b t a in e d  f r o m  th e  o b s e r v e d  d a ta , s in c e  th e  s tu d ie d  s y s te m s  a re  m o d e r a t e  
t o  l a r g e  r e p o s i t o r ie s .  F r o m  h e r e ,  th e  M o d e r a te  S c a le  is  d e v is e d ,  w h ic h  is  r o u g h ly  5 t im e s  
s m a l le r ,  a n d  th e  S m a l l  S c a le  w h ic h  is  r o u g h ly  10  t im e s  s m a l le r .  T h e  U lt r a  S c a le  is  i n ­
t e n d e d  f o r  th e  l im i t  te s t . W i t h  c u r r e n t  s y s t e m  s e t t in g s ,  i t  is  c o n f i g u r e d  a s  r o u g h ly  2  t im e s  
la r g e r  th a n  th e  L a r g e  S c a le .  T a b le  6 .2  l is ts  th e  a c tu a l g e n e r a t e d  d a ta  v o lu m e s  f o r  e a c h  
s c a le .
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Table 6.1 : Distribution Models and Parameters Used in the Experiments











A : Exponential Dist. 





Nivriie’- Uniform Dist. 
f ix ) = 1 / (6 - a ) ,  
a<x<b
a = 1 
6  = 80
a = 6  
6  = 400
a = 1 2  
6  = 8 8 8
a = 30 
6=1600
Growth Workload 
ftywn/e ¡Polynomial Dist. 
f ( t )  =A0+Axt + fj 
h,: Uniform Dist.
< E, < 6 5
A 0 =10  
A =0.5
0 | = - 1 0  
6 ? = 1 0
A o =10 
A = 2.5
a$ = - 1 0  
6  ̂= 1 0
A 0 = 10 
A = 5
«¡= = - 1 0  
6 ^=  1 0
A 0 = 10 
A =  1 0
a4  = - 1 0  
6 ^=  1 0
Burst Workload Pattern 
Arrival Interval Argaĉ rmtuC, 
Siaurst ¡Exponential Dist. 
f (x ) = Xe~x*,x>  0  
Request Size Nuadyroumt, 
Nsurst- Uniform Dist. 
f O  = 1 / (6 - a ) ,  
a<x<b
B̂ackground = 1.0 
f-Burst = 0.02
aBackground ~ 1 
6 Background ~ SO
O burst — 1 0
bBurst = 800
B̂ackground “ 1 -0  
B̂urst ~ 0 . 0 2
UBackground ~ 5 
6 Background ~ 400
« Burst = 50 
6  Burst = 4000
It-Background — 1 - 0  
h-Bursl “  0.02
aBackground = 10 
bBackground = 800
aBurst = 1 0 0  
bBurst = 8000
B̂ackground = 1 *0 
XBurst = 0 . 0 2
aBackground = 30 
bBackground ~ 1600





ff :Z ipf Dist. 




£ :Z ip f Dist.







f O  = XReade-^*,
x > 0
Slfe^W eibu ll Dist.
/w-tiirv««“
Î Read ~ 1 0 . 0  
a =  1.74 
(3=1/15.0
~r~Rt‘ud ~ io .o
a  = 1.74 
(3=1/29.3
fRead = 1 0 . 0  






A\v rite • ABurxt ■. 
rtRead
Request Size:
Nw rue M v rite
^¡Exponential Dist.
f ( x )  = \e~'kj!,x> 0
Nn/rite- See above 
Nxeai- Weibull Dist.
i-Write = 1 .0
1*Burst = 0.02
a. = 2 . 0
V-Read = 1.74 
P t w  = 1/15.0
f  Write = 1.0 
fBurst = 0 . 0 2
X =  2 .0
Vs Re ad ~ 1-74 
P Read = 1/29.3
f]V rii e = 1 .0  
tsBursi — 0 . 0 2
X = 2.0
VRead =1-74 
P Read = 1/58.6
—
Note: F o r  B in d in g  W r it e :  SmallScale: ] x t im e , ModerateScale:5x\imes\ LargeScale:lO x t im e s ; UltraScale: 
2 0 x t im e s . F o r  B in d in g  R e a d : Small Scale'. 1 x t im e , Moderate S c a / c :2 x tim e s ; Large S c a / e :4 x tim es .
6.1. Experimental Evaluation of Feasibility
Table 6.2: Statistics of Binding Scales in Simulations
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W o r k l o a d S c a l e T o t a l  N u m b e r T o t a l  N u m b e r N u m b e r  o f D a t a  S i z e
P a t t e r n s o f  B in d in g s o f  T a g s U n iq u e  T a g s ( M B )
S m a l l 4 ,6 2 2 1 8 0 ,3 4 8 5 3 ,5 1 0 1 8 .4 2
W r i t e M o d e r a t e 2 3 ,1 3 2 4 7 5 ,9 7 9 9 1 ,3 3 5 5 0 .2 7
( U n i f o r m ) L a r g e 4 6 ,1 5 5 7 2 0 ,2 8 7 1 1 8 ,4 7 6 7 9 .5 2
U l t r a 9 2 ,8 1 4 1 0 9 6 ,2 9 3 1 2 3 ,6 2 8 1 2 9 .3 8
S m a l l 3 ,8 5 9 1 6 1 ,6 9 3 4 9 ,9 9 6 1 6 .5 2
W r i t e M o d e r a t e 1 4 ,9 4 7 3 6 6 ,2 0 5 8 0 ,2 8 4 3 8 .0 1
(G r o w t h ) L a r g e 3 4 ,3 2 4 6 0 2 ,7 3 5 1 0 1 ,2 2 0 6 5 .1 8
U l t r a 5 6 ,4 9 5 8 1 3 ,6 6 9 1 1 3 ,2 0 6 9 1 .3 8
S m a l l 5 ,2 3 6 1 9 4 ,2 8 7 5 6 ,1 1 6 1 9 .8 7
W r i t e M o d e r a t e 2 6 ,1 7 5 5 1 2 ,7 4 8 9 4 ,5 2 6 5 4 ,5 2
(B u r s t ) L a r g e 5 2 ,3 5 5 7 7 6 ,9 2 9 1 1 1 ,4 0 4 8 6 .6 6
U l t r a 1 0 5 ,3 6 4 1 ,2 8 3 ,0 2 8 1 2 6 ,1 0 9 1 4 1 .7 9
N o te :  th e s ta tis tic s  a re  c o l le c t e d  a fte r  ea ch  w o rk lo a d  s im u la t io n  ru n n in g  fo r  
1 0 0  s im u la ted  hours.
In  th e  c a s e  o f  b in d in g - r e a d  w o r k lo a d s ,  th e  M o d e r a te  S c a le  is  s e t  u p  as th e  b a s e l in e  
u s in g  th e  p a r a m e te r s  o b ta in e d  f r o m  th e  o b s e r v a t io n  d a ta , a n d  th e  L a r g e  S c a le  is  c o n f i g u r e d  
a s  2  t im e s  la r g e r ,  a n d  th e  S m a l l  S c a le  is  2  t im e s  s m a l le r ,  w h ic h  a r e  s u f f i c i e n t  t o  d is t in g u is h  
t h e m  in  th e  e x p e r im e n ts .
E x p e r im e n t a l  V e r i f i c a t i o n  o f  t h e  S im u la t e d  W o r k l o a d s
T o  e n s u r e  th a t  th e  s im u la t o r  r e l i a b l y  g e n e r a t e s  th e  d e s ir e d  w o r k l o a d  t r a c e s ,  th e  o u tp u ts  o f  
e a c h  s im u la t io n  a t t r ib u te  a r e  v e r i f i e d ,  a n d  p r e s e n te d  b e lo w .
( 1 )  S im u la t io n  o f  A r r i v a l  I n t e r v a l ,  A
Histogram of Arrival Intervals
— Exponential Distribution X=1 078 j
F T T
1 2  3 4
Arrival Intervals (Simulation Hours)
F ig u r e  6 .9 :  T h e  s im u la t e d  r e q u e s t -a r r iv a l  in t e r v a ls  p r e s e n t  a n  E x p o n e n t ia l  D is tr ib u tio n  
f { x )  =  X e ^ ^ x  >  0 , w h e r e  X  =  1 .0 7 8 , s a t is fy in g  a  P o is s o n  P r o c e s s .
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A  v e r y  c o m m o n  a s s u m p t io n  f o r  th e  a r r iv a l  p r o c e s s  is  th a t  r e q u e s t s  a r r iv e  in  a  P o i s s o n  
p r o c e s s  [G r o s  9 8 ] ,  A  P o i s s o n  p r o c e s s  is  a  s t o c h a s t ic  p r o c e s s  in  w h ic h  e v e n t s  o c c u r  c o n ­
t in u o u s ly  a n d  in d e p e n d e n t l y  o f  o n e  a n o th e r .  E x a m p le s  th a t  a r e  w e l l - m o d e l l e d  a s  P o i s s o n  
p r o c e s s e s  in c lu d e  th e  c o n c u r r e n t  t e l e p h o n e  c a l l s  a r r iv in g  a t a  s w i t c h b o a r d ,  a n d  p a g e  v i e w  
r e q u e s t s  t o  a  w e b s i t e .  In  a  P o i s s o n  p r o c e s s ,  th e  in t e r - a r r iv a l  t im e s  a r e  e x p o n e n t i a l l y  d i s ­
t r ib u te d . C o n s id e r  a  p e r io d  o f  t im e  T ,  d u r in g  w h ic h  e v e n t s  o c c u r  a t a n  a v e r a g e  r a t e  o f  
A  r e q u e s t s  p e r  t im e  u n it .  A  f i x e d  t im e  h o r i z o n  o f  T  =  1 0 0  s im u la t e d  h o u r s  is  u s e d , a n d  
F i g u r e  6 .9  s h o w s  th e  h is t o g r a m  o f  th e  r e q u e s t  a r r iv a l  in t e r v a ls  g e n e r a t e d  b y  th e  s im u la t o r ,  
w i t h  th e  f i t t in g  l in e  o f  a n  E x p o n e n t ia l  D is t r ib u t io n ,  f ( x )  =  A e ~ ^ , j c  >  0 , w h e r e  A  =  1 .0 7 8 . 
T h i s  is  a p p r o x im a t e l y  th e  s a m e  as th e  c o n f i g u r a t i o n  in p u t  1 .0 .
( 2 )  S im u la t io n  o f  B in d in g  W r i t e  V o lu m e ,  tA [^nte
W h e n  s im u la t in g  th e  b in d in g - w r i t e  w o r k lo a d s ,  e a c h  P o i s s o n  a r r iv a l  e v e n t  t r ig g e r s  WsVnie 
n u m b e r  o f  b in d in g  c r e a t i o n s 12, w h e r e  %Wnte is  d e t e r m in e d  b y  o n e  o f  th e  th r e e  in v e s t ig a t e d  
w o r k l o a d  p a t te rn s ,  U n i f o r m ,  C o n t in u in g  G r o w th ,  o r  B u rs t .
A .  U n i f o r m .  F ig u r e  6 .1 0  is  th e  s im u la t io n  r e s u lt s  o f  th e  u n i f o r m  w o r k l o a d  p a t te rn . D u r in g  
T  =  1 0 0  s im u la t e d  h o u r s ,  th e  b in d in g - w r i t e  r e q u e s t s  a r r iv e  r a n d o m ly .  E a c h  r e q u e s t  c r e a t e s  
iAfa/nte b in d in g s ,  w h e r e  5\(write is  p r o d u c e d  b y  a  U n i f o r m  D is t r ib u t io n ,  f ( x ' )  =  l / ( b - a ) , a <  
x < b ,  w i t h  a  =  1 a n d  b  =  8 0 . ( T h e  v a lu e  o f  a  a n d  b  a r e  th e  d is t r ib u t io n  f i t t in g s  o f  th e  a n n o ­
t a t io n  w o r k l o a d  o f  th e  E u r E x p r e s s . )  T h e  s im u la t e d  w o r k l o a d  s h o w s  th e  d e s i r e d  U n i f o r m  
p a t te rn .
Simulated Binding Write Workload (Uniform)
1-------------- 1-------------- ;-------------- ;-------------- :-------------- r~
0 20 40 60 M  ICO
Simulated Hour
F ig u r e  6 .1 0 : T h e  s im u la t e d  b in d in g -w r it e  w o r k lo a d  (U n i fo r m )  u s in g  th e  S m a ll S c a le  c o n f i g ­
u ra t io n . T h e  x - a x is  r e f e r s  to  th e  s im u la t e d  h o u rs , a n d  th e  y - a x js  r e f e r s  to  th e  n u m b e r s  o f  
b in d in g -w r it e  p e r  r e q u e s t ._______________
12T h e  sim ulator generates b in d ing-w rite  requests invok ing the binding-creation operation w hich  is one the 
im portant b ind ing-w rite behaviours. O ther types o f  b ind ing-w rite behaviours, including update o f  b inding 
tags, and updates o f  b inding subject/object, are not simulated, w h ich  could be included in future w ork  when 
relevant characteristic w ork load  observations are available.
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B. Continuing Growth. T o  s im u la t e  th e  C o n t in u in g  G r o w t h  w o r k lo a d ,  d u r in g  T = 100 
s im u la t e d  h o u r s ,  e a c h  r a n d o m ly  a r r iv e d  b in d in g - w r i t e  r e q u e s t  c r e a t e s  % v r im  b in d in g s ,  
w h e r e  9 fa r ite is  c o m p u t e d  f r o m  th e  P o l y n o m ia l  d is t r ib u t io n ,  f ( t ) = A 0+ A x t  +  ^ ,  f o r  A0 = 
10, A = 0.5, ( t h e  v a lu e  o f  A0 a n d  A a r e  th e  d is t r ib u t io n  f i t t in g  o f  P D B  d a ta  g e n e r a t io n  
w o r k l o a d . )  £  is  g e n e r a t e d  f r o m  a  U n i f o r m  D is t r ib u t io n ,  / ( £ )  =  l/ (b ^  - a ^ ) , a ^  <  £, <  b^,  
w h e r e  =  - 1 0  a n d  =  10 . F i g u r e  6 .11  g i v e s  th e  r e s u lts  s h o w in g  th a t  s im u la t e d  w o r k l o a d
e x h ib i t s  th e  in t e n d e d  C o n t in u in g  G r o w t h  c h a r a c te r s .
Simulated Binding Write Workload (Continuing Growth)
MlI *
20 40 60 80 100
S im u lated  Hour
F ig u r e  6.11: T h e  s im u la t e d  b in d in g -w r it e  w o r k lo a d  (C o n t in u in g  G r o w th )  u s in g  t h e  S m a ll  
S c a le  c o n f ig u r a t io n .  T h e  x - a x is  r e f e r s  t o  th e  s im u la t e d  h o u rs , a n d  th e  y - a x is  r e f e r s  t o  th e  
n u m b e r s  o f  b in d in g -w r it e  p e r  r e q u e s t .
C. Burst. F ig u r e  6.12 p r e s e n ts  th e  s im u la t e d  w o r k l o a d  c o m p r is in g  b u rs ts . T o  m o d e l  th e  










F ig u r e  6.12: T h e  s im u la t e d  b in d in g -w r it e  w o r k lo a d  (B u r s t ) ,  u s in g  th e  S m a ll S c a le  c o n f i g ­
u ra t io n . T h e  x - a x is  r e f e r s  t o  th e  s im u la t e d  h o u rs , a n d  th e  y - a x is  r e f e r s  to  th e  n u m b e r s  o f  
b in d in g -w r it e  p e r  r e q u e s t .
Simulated Binding Write Workload (Burst)
J
vrY
0 20 <*0 60 #0 100 
S im u lated  Hour
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c h a in s  w h ic h  a r e  t w o  in d e p e n d e n t  P o i s s o n  p r o c e s s e s .  T h e  a r r iv a l  in t e r v a ls  f o r  th e  b a c k ­
g r o u n d  u p d a te s  a r e  g e n e r a t e d  f r o m  a n  E x p o n e n t ia l  D is t r ib u t io n ,  f ( x )  =  A Backgrounde ~Xllacksro“"dX> 
x  >  0  , w i t h  A.Background =  1 0- T h e  r e q u e s t s  s i z e s  a r e  c a lc u la t e d  f r o m  a  U n i f o r m  D is t r ib u t io n ,
f  O'O =  1 / (.^Background ~  ¿¿Background') ^Background — X  — bBackground> w i t h  UBackground ~  1 a n d
bBackground =  8 0 . F o r  th e  b u rs ts , th e  a r r iv a l  in t e r v a ls  a re  g e n e r a t e d  f r o m  a  s e c o n d  E x p o n e n ­
t ia l  D is t r ib u t io n ,  f ( x )  =  XBurste~Xeurs,x , x >  0 ,  u s in g  Xsurst =  0 .0 2 ,  a n d  th e  n u m b e r  o f  r e q u e s t s  
a r e  g e n e r a t e d  f r o m  a  U n i f o r m  D is t r ib u t io n ,  f ( x )  =  1 / { b Burst ~  a-Burst)  , a Bum  < x <  b Bursu 
w i t h  a  Bum  =  1 0  a n d  b  Burst =  8 0 0 , w h i c h  m e a n s  th e  s c a le  o f  b u rs t  is  1 0  t im e s  th a t  o f  b a c k ­
g r o u n d  u p d a te s .  A s  s h o w n  in  F i g u r e  6 .1 2 ,  th e  s im u la t io n  r e s u lt  is  v e r y  c l o s e  t o  th e  o b s e r ­
v a t io n s  f r o m  th e  N a n o C M O S  a n d  th e  B A D C .
( 3 )  S im u la t io n  o f  T a g  L e n g t h  D is t r ib u t io n  L  a n d  T a g  F r e q u e n c y  7 .
T w o  a t t r ib u te s  r e la t e d  t o  th e  b in d in g - c o n t e n t  s im u la t io n  a r e  th e  t a g  l e n g t h  d is t r ib u t io n  a n d  
th e  t a g  f r e q u e n c y .  W h e n  s im u la t in g  th e  t a g  le n g t h  d is t r ib u t io n ,  e a c h  b in d in g - w r i t e  r e q u e s t  
is  c o n t r o l l e d  t o  c h o o s e  n  w o r d s  f r o m  W o r d N e t ,  th e n  in v o k e  th e  b in d in g  s e r v i c e  o p e r a t io n ,  
C re a te B in d in g (r< ? / L y n i> , r e f - o b j ,  ta g s ),  t o  g e n e r a t e  a  b in d in g  h a v in g  n  t a g s  a t t a c h e d 13, n  
is  p r o d u c e d  b y  a  Z i p f  d is t r ib u t io n  n u m b e r  g e n e r a t o r  w h ic h  c o m p u t e s  th e  Z i p f  p r o b a b i l i t y
1 /xa
m a s s  fu n c t io n  f ( x , a , N )  =  N . a . , u s in g  a  =  0 .4 .  A s  d e p ic t e d  in  th e  l e f t  f i g u r e  o f
Ln=i(‘/n )
F ig u r e  6 .1 3 ,  th e  s im u la t e d  t a g  l e n g t h  d is t r ib u t io n  p r e s e n ts  th e  s a m e  Z i p f  s h a p e  a s  th a t  in  
th e  F l ic k r .
Distribution of Simulated Binding Tag Length
Zip! fit a=0.4
10 100 1000 Tags Ranked by Frequency
 •-1---- 1-1---- 1-r5 10 50 100 500Bindings Ranked by Tag Length (Dcsc)
Distribution of Simulated Binding Tag Frequency
Zipf Fit Q=0 9 i
F ig u r e  6 .1 3 : T h e  s im u la t e d  b in d in g  t a g  le n g th  d is tr ib u t io n s  ( l e f t )  a n d  t a g  f r e q u e n c y  d is tr i­
b u t io n s  ( r ig h t )  m a tc h  th e  o b s e r v a t io n s  o f  th e  F iic k r ’s  t a g  b e h a v io u r s ,  p r e s e n t in g  Z ip f  d is tr i­
b u t io n s .
13W hen  the sim ulator invokes CreateBinding(re/jw£>, ref-obj, tags) the other tw o  parameters are set as 
fo llow s : ref sub  =  “ http://binding.data.£” , ref-ob j  =  “ http://binding.metadata.fc” , w here fc is a counter in­
creasing fo r  each new  binding.
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T o  m o d e l  th e  t a g  f r e q u e n c y ,  th e  s e l e c t i o n  o f  t a g s  is  d e t e r m in e d  b y  a  s e c o n d  Z i p f  
d is t r ib u t io n ,  ( f ( x , a , N )  =  y> f ° r  a  =  0 . 9 ) .  W h e n  s e l e c t in g  a  t a g ,  th e  s im u la ­
t o r  r e a d s  a  r a n d o m  n u m b e r s  f r o m  th e  Z i p f ’ s n u m b e r  g e n e r a t o r ,  a n d  m a p s  i t  t o  a  t a g  
id  in  W o r d N e t ,  th u s  th e  d e s i r e d  t a g  c a n  b e  lo c a t e d ,  w h ic h  is  o n e  o f  th e  t a g s  u s e d  b y  
C r e a t e B in d ln g ( r e f^ s u b ,  r e f . o b j ,  ta g s )  t o  c r e a t e  th e  b in d in g .  In  th e  s a m e  w a y ,  o t h e r  t a g s  
a r e  d e t e r m in e d .  S in c e  th e  t a g  l is t s  a r e  h a n d le d  as S e t ,  r e p e a t e d  t a g s  a r e  n o t  a l l o w e d .  
A n y  d u p l ic a t e d  t a g  f o r  th e  s a m e  b in d in g  h a s  t o  b e  r e m o v e d ,  a n d  r e - s e l e c t e d  u n t i l  a  d i s ­
t in g u is h e d  t a g  a p p e a r s .  I l lu s t r a t e d  b y  th e  r ig h t  f i g u r e  o f  F ig u r e  6 .1 3 ,  th e  s im u la t e d  t a g  
f r e q u e n c y  c a p tu r e s  th e  F l i c k r ’ s t a g  b e h a v io u r s .
( 4 )  S im u la t io n  o f  B in d in g  R e a d  V o lu m e ,  fHRead
O n  s im u la t in g  th e  b in d in g - r e a d  w o r k lo a d ,  e a c h  P o i s s o n  a r r iv a l  e v e n t  t r i g g e r s  5yrRead b in d ­
i n g  r e a d s ,  w h e r e  iHsead is  g e n e r a t e d  f r o m  a  W e ib u l l  D is t r ib u t io n .  F i g u r e  6 .1 4  d e p ic t s  th e  
s im u la t e d  b in d in g - r e a d  w o r k lo a d .  T h e  h is t o g r a m  i l lu s t r a t e s  th a t  th e  W e ib u l l - s h a p e  d is t r i ­
b u t io n  o f  fHRead a p p r o x im a t e s  th e  r e a l - w o r ld  o b s e r v a t io n s .
Simulated Binding Read Workload Histogram of Simulated Binding Read Workload
i I f— I  Weibul Fit 0*1.74 6=29 33 '
0 20 40 60 60 100 0 20 40 60 80 100
Simulated Hour Number of Read
F ig u r e  6 .1 4 :  T h e  s im u la t e d  b in d in g - r e a d  w o r k lo a d  s h o w s  a n  in t e n d e d  W e ib u ll  D is tr ib u tio n . 
D u r in g  T  =  1 0 0  s im u la t e d  h o u rs , th e  b in d in g  a c c e s s  r e q u e s t s  a r r iv e  r a n d o m ly . T h e  a rr iv a l 
In t e r v a ls  a r e  g e n e r a t e d  fr o m  a n  E x p o n e n t ia l  D is tr ib u tio n , f ( x )  =  'kRead^~XReadX, w ith  XRead =  
1 .0 . E a c h  b in d in g  a c c e s s  r e q u e s t  t r ig g e r s  5Yfi<?arf b in d in g  r e a d s ,  w h e r e  i^Read is  g e n e r a t e dQ, J
f r o m  a  W e ib u l l  D is tr ib u t io n , f ( x )  = |  w ith  a =  1 .7 4 , (3 =  2 9 .3 3 - 1 .
( 5 )  S im u la t e d  B in d in g  A c c e s s  F r e q u e n c y  D is t r ib u t io n ,  (P
T h e  f in a l  a t t r ib u te  th a t  n e e d s  t o  b e  e x a m in e d  is  th e  b in d in g s  a c c e s s  s h o u ld  f o l l o w  th e  
p o p u la r i t y  d is t r ib u t io n  i d e n t i f i e d  in  th e  P D B .  T h is  is  s im u la t e d  as f o l l o w s :  e a c h  t im e  th e  
s im u la t o r  o b ta in s  a  r a n d o m  n u m b e r  f r o m  a  Z i p f  d is t r ib u t io n  n u m b e r  g e n e r a t o r  w h ic h  is
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c o n f i g u r e d  w i t h  a  p r o b a b i l i t y  m a s s  fu n c t io n  f ( x , a , N )  =  N . g , f o r  th e  g i v e n  p a r a m -L„_i (,1/n )
e t e r s  a  =  0 .2 ,  a n d  N  is  th e  n u m b e r  o f  b in d in g s  in  th e  s to r e .  ( N o t e ,  th e  v a lu e  o f  a  c o m e s  
f r o m  th e  d is t r ib u t io n  f i t t in g  o f  th e  w o r k lo a d s  o f  th e  P D B . )  T h e  s im u la t o r  th e n  m a p s  th e  
r a n d o m  n u m b e r  t o  a  b in d in g  r e c o r d  i d e n t i f i e r 14  a n d  o b ta in s  th e  r e c o r d  v a lu e .  T h e  o b t a in e d  
v a lu e  is  d e l i v e r e d  a s  th e  q u e r y  p a r a m e t e r  t o  th e  b in d in g  s e r v i c e  d i s c o v e r y  o p e r a t i o n 15  t o  
r e t r i e v e  th e  b in d in g .  T h e  s im u la t e d  b in d in g  a c c e s s  p o p u la r i t y  is  s h o w n  in  F i g u r e  6 .1 5 ,  a n d  





(A •" M 
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F ig u r e  6 .1 5 :  T h e  d is tr ib u t io n  o f  th e  s im u la t e d  b in d in g  a c c e s s  f r e q u e n c y  s h o w s  a n  in t e n d e d  
Z ip f  d is tr ib u t io n  w ith  a  =  0 .2 .  T h e  x - a x is  r e p r e s e n t s  th e  B in d in g  ID s  o r d e r e d  b y  d e s c e n d in g  
a c c e s s  f r e q u e n c y .  T h e  y - a x is  r e f e r s  t o  th e  a c c e s s  f r e q u e n c y .
6 . 1 . 3  E x p e r i m e n t a l  R e s u l t s
H a v in g  p r e p a r e d  th e  e n v i r o n m e n t ,  th e  t e s t  d a ta , a n d  th e  w o r k lo a d s ,  th e  e x p e r im e n t  is  ru n  
t o  c o l l e c t  th e  m e a s u r e s .
T w o  m a in  m e a s u r e s ,  c o l l e c t e d  u n d e r  d i f f e r e n t  w o r k lo a d s  a n d  v a r i e d  r e q u e s t  s i z e s ,  a r e  
th e  r e s p o n s iv e n e s s  a n d  p r o d u c t i v i t y  o f  th e  b in d in g  s e r v ic e .  R e s p o n s iv e n e s s  is  th e  e v a l ­
u a t io n  o f  th e  s p e e d  w i t h  w h ic h  a  s e r v i c e  c a n  p r o c e s s  a  r e q u e s t .  O n e  o f  th e  c o m m o n  
m e a s u r e s  is  r e s p o n s e  t im e ,  w h ic h  is  d e f in e d  as th e  a v e r a g e  a m o u n t  o f  t im e  ( i n  s e c o n d s )  
r e q u i r e d  f o r  a  s e r v i c e  c o m p o n e n t  t o  a c c o m p l i s h  a  g i v e n  ta s k , a n d  is  m e a s u r e d  f r o m  th e  
t im e  a  r e q u e s t e r  in i t ia t e s  th e  in v o c a t i o n  t o  th e  t im e  th e  r e q u e s t e r  r e c e i v e s  th e  la s t  b y t e  o f  
th e  r e s p o n s e  [J a in  9 1 ] .  P r o d u c t i v i t y  is  th e  e v a lu a t io n  o f  th e  n u m b e r  o f  r e q u e s t s  a  s e r v i c e
14For the sim ulation purpose, each b inding record has an index number as the record  identifier.
15T h e current sim ulator uses operation G etB indingBylD () fo r  b inding access. It guarantees that the per­
form ance measures o f  b inding-read are taken under the same size  o f  binding retrievals (thus the results are 
com parable). Each binding-read retrieves n bindings, n = 1.
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p r o c e s s e s .  O n e  o f  th e  m a jo r  m e a s u r e s  is  th r o u g h p u t ,  w h ic h  is  m e a s u r e d  in  u n its  o f  w o r k  
a c c o m p l i s h e d  p e r  u n it  t im e  [J a in  9 1 ] .  O t h e r  p e r fo r m a n c e  m e t r ic s ,  s u c h  a s  r e l i a b i l i t y ,  s e ­
c u r it y ,  a v a i l a b i l i t y ,  u t i l i s a t io n  a n d  c o s t  a r e  a p p l ic a t io n  d e p e n d e n t ,  a n d  t h e r e f o r e  a r e  n o t  
in c lu d e d  a t th e  s t a g e  o f  c o n c e p t  p r o v in g .
N o t e ,  t w o  t im e  s y s t e m s  a r e  u s e d  in  th e  e x p e r im e n t s .  E a c h  c o n f i g u r e d  e x p e r im e n t  
ru n s  5 0  s im u la t io n  h o u r s ,  a n d  p e r f o r m a n c e  o f  b in d in g  s e r v i c e  a re  m e a s u r e d  in  W a l l  C l o c k  
T i m e  ( W C T ) 16. T a b l e  6 .3  l is t s  th e  a c tu a l W C T  in  s e c o n d s  e a c h  e x p e r im e n t  t a k e s  t o  ru n  
5 0  s im u la t io n  h o u r s  in  t e s t in g  s m a l l  a n d  la r g e  s c a le  w o r k lo a d s .  U s in g  s im u la t io n  m e t h o d  
r e d u c e s  th e  e x p e r im e n t  t im e  c o n s id e r a b ly .
T a b le  6 .3 :  W a ll  C lo c k  T im e  o f  E x p e r im e n ts
W o r k l o a d W p e s S m a l l  S c a le
( s e c )
L a r g e  S c a l e
( s e c )
C r e a t io n U n i f o r m 132 9 8 0
G r o w t h 141 2 8 9
B u r s t 196 1 1 7 4
A c c e s s 124 4 3 7
C o m b in e d U n i f o r m s  A c c e s s 132 8 7 2
G r o w t h + A c c e s s 231 3 6 8
B u r s t + A c c e s s 221 1 2 5 6
N o te :  E a ch  c o n fig u re d  e x p e r im e n t  runs 5 0  s im u la tion  
hou rs. T h e  ta b le  g iv e s  the W C T  in  secon d s  fo r  te s t in g  
s m a ll and  la rg e  s c a le  w o rk lo a d s .
P e r f o r m a n c e  o f  B in d in g  W r i t e
T h e  f ir s t  g r o u p  o f  e x p e r im e n t s  is  a im e d  t o  e v a lu a t e  th e  p e r f o r m a n c e  o f  b in d in g  w r i t e .  T h e  
b in d in g - c r e a t i o n  p e r f o r m a n c e  u n d e r  3  d i f f e r e n t  t y p e  a n d  4  d i f f e r e n t  s c a le s  o f  w o r k lo a d s  
a r e  m e a s u r e d .  E a c h  c o n f i g u r a t io n  is  ru n  te n  t im e s ,  m e a n s  a n d  9 5 %  C o n f id e n c e  In t e r v a ls  
a re  c o l l e c t e d ,  a n d  a  t o t a l  1 2 0  t r ia ls  a r e  a t t e m p te d .
F i g u r e  6 .1 6  p r e s e n ts  th e  s e r v i c e  r e s p o n s e  t im e .  T h e  l e f t  th r e e  g r a p h s  ( a ) ( c ) ( e )  g r o u p  
th e  m e a s u r e s  b y  s c a le s  a n d  c o m p a r e  th e  s e r v i c e  p e r f o r m a n c e  in  h a n d l in g  d i f f e r e n t  t y p e s  
o f  w o r k lo a d s .  T h e  s a m e  d a ta  a r e  r e p r o d u c e d  in  th e  r ig h t  th r e e  g r a p h s  ( b ) ( d ) ( f ) ,  w h ic h  
g r o u p  th e  m e a s u r e s  b y  w o r k l o a d  t y p e s  a n d  c o m p a r e  th e  s e r v i c e  p e r f o r m a n c e  in  h a n d l in g  
d i f f e r e n t  s c a le s  o f  w o r k lo a d s .  In  e a c h  f ig u r e ,  th e  x - a x is  r e p r e s e n ts  th e  s im u la t e d  t im e  in  
h o u r s ,  a n d  th e  y - a x i s  r e f e r s  t o  th e  r e s p o n s e  t im e  in  ( W C T )  s e c o n d s .  T h u s ,  e a c h  p o in t  
r e p r e s e n ts  th e  a v e r a g e  r e s p o n s e  t im e  ( f o r  a  s in g le  b in d in g - c r e a t i o n )  o f  th e  b in d in g  s e r v i c e  
in  h a n d l in g  a  b in d in g - c r e a t i o n  r e q u e s t  a r r iv e d  a t th e  c o r r e s p o n d e d  s im u la t io n - t im e .
16W a ll C lo ck  T im e  is the actual tim e taken by  a computer to com plete a task. It  is the sum o f  three terms: 
C P U  tim e, I/O time, and the com m unication channel delay.
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F ig u r e  6 .1 6 :  R e s p o n s e  t im e  o f  b in d in g  c r e a t io n .  T h e  x - a x is  r e p r e s e n t s  th e  s im u la t e d  t im e  in 
h o u rs . T h e  y - a x is  r e p r e s e n t s  th e  b in d in g - c r e a t io n  r e s p o n s e  t im e  in ( W C T )  s e c o n d s .  E a c h  
d a t a  p o in t  is  th e  m e a n  o f  1 0  t r ia ls , a n d  e r r o r  b a r s  s h o w  th e  C o n f id e n c e  In t e r v a ls  (C / s ),  
a p p r o x im a t e ly  M e a n  ±  2  x  S ta n d a rd  E r r o r  [C u m m  0 7 ], w h ic h  g i v e s  a  r a n g e  o f  v a lu e s  w ith  
9 5 %  c o n f id e n t  c o n ta in s  t h e  t ru e  m e a n .
Throughput of Binding Creation (Moderate Scale) Throughput of Binding Creation (Uniform)
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Figure 6.17: Throughputs of binding creation, associated with regression lines. The x-axis 
represents the simulated time in hours. The y-axis represents the number of binding- 
creation per (WCT) second. Each data point is the mean of 10 trials, and error bars show 
the Confidence Intervals (C/s), approximately Mean ± 2 x Standard Error, which gives a 
range of values with 95% confident contains the true mean.
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The graphs illustrate that the three types of workloads are handled very similar for 
small to large scale workloads, which implies that the binding service is robust for binding- 
creation workloads of various types and of various scales (when the scales are manage­
able). All curves start from a high value and quickly decrease. The larger the workload 
scale is, the quicker the curve decays. After the initial jumps, the curves either continue 
slowly decreasing or remain at that level without significant variations. These are satis­
factory features for response time.
It has been an effort to construct the Ultra Scale workloads for the stress tests. The 
graphs show that the simulated Ultra Scale workloads have successfully enabled the ob­
servations of the characteristics of service performance when it was running near/at the 
limit of the system capacity. In graph (e), both Uniform and Burst curves show a slightly 
increasing trend, in other words, the binding service responds slower and slower (and does 
not get back).
More performance characteristics can be observed from the visualisations of service 
throughputs. Figure 6.17 shows the measures of the service throughputs, associated with 
the regression lines17. Again, the left three graphs (a)(c)(e) compare the service per­
formance in handling different scales of workloads, and the right three graphs (b)(d)(f) 
compare the service performance in handling different types of workloads. The x-axis 
represents the simulated hours of measures, the y-axis represents the throughput. Thus, 
each point represents the average number of binding-creation per (WCT) second against 
the simulated time when the request occurred.
From the small to large scale workloads, the curves of three different types of work­
loads present similar trends. The throughputs begin from low values and increasing 
quickly. Afterwords, they either continue increasing or remain at relevant steady level. 
From (b)(d)(f) it can be seen for the same type of workload, the larger the scales are, the 
quicker the curves can reach the steady level, and the higher values can be gained. Another 
observation is that the throughputs capture the aspects of the workloads, for example, in 
graph (d), the growing-trend shapes correspond to the continuing growth workloads. In 
graph (f), there are some peaks of the creation rates which correspond to the burst re­
quests. And in graph (b), the Uniform curves look relative steady. These are satisfactory 
characteristics for throughputs.
For the Ultra Scale workloads, graph (e) gives more pictures of the service perfor­
mance behaviours under the heavy loads. The Uniform and Burst curves clearly show 
decreasing-trends. After reaching the top points, both curves begin to drop and end up 
even lower than the smaller scale workloads, which implies the system was running in a 
very inefficient mode.
17Using non-linear regression model, fitted with function, y = - c x x, by applying R nls() statement.
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Figure 6.18: Performance of binding web service vs. binding database in handling Ultra 
Scale workloads. The plots are the numbers of binding-creation per (WCT) second (y-axis) 
against simulated time in hours (x-axis). The upper curves are the throughputs of binding 
database, the lower curves are the throughputs of binding web service.
To find out the reasons for this phenomena, we check the system usage and processor 
activities, and notice that CPU is saturated (while the memory and disk are not full). The 
(MySQL) database uses up >80% CPU, and the web application uses up >15% CPU. It 
can be concluded that the database causes the problem.
To investigate the problem, we isolate the database from the binding service and ex­
amine the binding system performance without the overheads of the web service. The 
simulator is modified, and the scripts of invoking binding web service are interpreted to 
directly access binding database. Ultra Scale Uniform and Burst workloads are used for 
testing.
Figure 6.18 shows the results and compares the binding performance with and without 
web service layer. Graph (a) compares the throughputs under Uniform type workloads, 
and graph (b) compares the throughputs under Burst type workloads. In both graphs, the 
upper curve shows the performance of binding database, and the lower curve shows the 
performance of binding service (binding database + web service layer).
The graphs illustrate with and without the web service layer, the throughputs of bind­
ing database present similar decreasing trends, indicating the binding database, which is 
built on a single server node, becomes saturated under the heavy workloads.
We will come back to discuss the solutions to scale up the binding storage in section 
5.4. Before that, let us continue to look at results of other feasibility tests.
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The second group of experiments is to measure the binding-read performance. Since we 
made the “Write Less Read More” (WLRM) assumption at the beginning of work (see 
subsection 5.1.3), for binding-read, a high-frequency access-requests rate is configured. 
The parameter used for simulating the Poisson Process is X = 10.0, which is ten times 
of that used for binding creation. The measures are taken under three different scales of 
workload: small, moderate, and large.
Figure 6.19 shows the response time of binding access. The plots are the average 
service response-time in (WCT) seconds for reading a single binding (y-axis), against 
the simulated time when the request occurred (x-axis). Figure 6.20 shows the service 
throughputs. The plots are the average numbers of access per (WCT) second (y-axis) 
against the simulated time when the request occurred (x-axis). In both figures, graphs (a) 
(b)(c) are the service performance of handling individual access workload. These data are 
reproduced and displayed together in (d) for comparisons.
For both response time and throughput, the shapes of the curves are very similar for 
all three scales of workloads, and the regression lines18 of the measures (almost) overlap 
in graph (d). Recall the Large Scale access workload is indeed 4 times larger than the 
Small Scale workload in term of numbers of binding accessed, nevertheless, the scale 
variation appears to have little effect on the service response time and throughputs. On the 
other hand, the performance differences of dealing with varied scales of binding-creation 
workloads have been identifiable. These suggest that binding-access performance tends 
to be more consistent than the binding-creation performance, which implies that binding 
behaviour is more predictable in dealing with access than creation.
Another observation is that binding-access performance is better than binding-creation 
performance, i.e., the average binding-access response time is 0.012 (WCT) seconds, com­
paring to which, the best binding-creation response time is 0.027 (WCT) seconds (more 
than 2 times slower). The issue relates to the system design. The binding creation op­
eration (CreateBindingQ) involves a set of activities and database updates, including: an 
insert of binding into BindingTable, inserts of (new) tags into TagTable, inserts of binding- 
tag relationships into BindingTagTable, and updates of the table indexes. The design gives 
overheads for binding-creation in order to facilitate binding-access, i.e., indexes improve 
the speed of data retrieval on tables at the cost of slower writes. Using TagTable to store 
binding tags can ease tag-based queries (and statistical analysis), but has overheads of 
updating multiple tables. The empirical results confirm the performance gains in binding- 
read, which implies that the binding service is capable of supporting ‘Write Less Read 
More’ scenarios.
Using linear regression by applying R lm() statement.
Performance of Binding Read
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6.1. Experimental Evaluation of Feasibility 111
Response Time of Binding Access (Small) Response Time of Binding Access (Moderate)
Simulated Hour Simulated Hour
(a) Small Scale WL (b) Moderate Scale WL
Response Time of Binding Access (Large) Response Time of Binding Access
Simulated Hour Simulated Hour
(c) Large Scale WL (d) All Scales WL
Figure 6.19: Response time of binding access, associated with regression lines. The 
measures are taken under three different scales of binding access workload. In each 
graph, the x-axis represents the simulated time in hours. The y-axis represents the service 
response time in (WCT) seconds. Each data point is the mean of 10 trials, and error bars 
show the Confidence Intervals (C/s), approximately Mean ± 2 x Standard Error, which 
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Figure 6.20: Throughputs of binding access, associated with regression lines. The mea­
sures are taken under three different scales of binding access workload. In each graph, the 
x-axis represents the simulated time in hours. The y-axis represents the average number 
of access per (WCT) second. Each data point is the mean of 10 trials, and error bars show 
the Confidence Intervals (C/s), approximately Mean ± 2 x Standard Error, which gives a 
range of values with 95% confident contains the true mean.
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Performance of Combined Workloads
The third group of experiments investigate the performance of the binding service under 
combined workloads. Two simulation threads simultaneously generate binding-creation 
workloads and binding-access workloads. The three different types of binding-creation 
workloads (Uniform, Growth, and Burst) combined with binding-access workloads are 
tested, and the scale variations are small, moderate and large19. Each configuration is run 
ten times in order to collect means and 95% Confidence Intervals, and a total 90 trials are 
attempted.
Figure 6.21 shows the service response time. Graphs (a)(c)(e) compare the effects 
of the variations of the workload scales, and graphs (b)(d)(f) compare the effects of the 
variations of the workload types. Two sets of curves are displayed: the upper three curves 
are the binding-creation performance, and the lower three curves are the binding-access 
performance. The figures illustrate that the binding-access speeds are (in average 4 times) 
quicker than the binding-creation speeds. Another observation is that the performance 
patterns remain the same as those in handling independent workloads, indicating that the 
binding service is sufficient to support the simultaneous requests of creates and reads.
The service throughputs under combined workloads are plotted in Figure 6.22, and 
the regression lines are associated20. Again, graphs (a)(c)(e) compare the performance 
behaviours under different scales of workloads, while graphs (b)(d)(f) compare the per­
formance behaviours under different types of workloads. The upper three curves are the 
binding-access throughputs and the lower three curves are the binding-creation through­
puts.
The binding-creation throughputs show the similar slow starts as before, which also 
slightly affect the read performance. In graphs (d) and (e), some peak performances of 
binding-access at the start of runs can be observed. They relate to Large-Scale Access 
workload combined Large-Scale Growth Creation workload. This is because when the 
simulation started creates and reads at the same time, the initial reads are over a small set 
of bindings created by that time. As a result, there is a high frequency of the required 
results being in memory. This infers that performance is, at least at that time, dependent 
on the disk traffic.
Finally, although the overall service (creation and access) throughputs are indeed in­
creased, the average individual (creation or access) throughputs are reduced in comparison 
with those the isolated workloads. Notably, we did not observe any decreasing trends, and 
the service performance is acceptable.
19The Ultra Scale workloads are omitted in this group of experiments, and we concentrate more on the 
normal cases
20Using non-linear regression model, fitted with function, y = - c x *, by applying R nls() statement.
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Figure 6.21: Response time of the binding service under the combined workloads. The 
plots are the binding Creation/Access response time in (WCT) seconds (y-axis) against 
the simulated hours (x-axis). The upper three curves show the response time of binding- 
creation. The lower three curves show the response time of binding-access. Each data 
point is the mean of 10 trials, and error bars show the Confidence Intervals (CIs), approx­
imately Mean ± 2 x  Standard Error, which gives a range of values with 95% confident 
contains the true mean.
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Figure 6.22: Throughputs of the binding service under the combined workloads, associ­
ated with regression lines. The plots are the binding Creation/Access per (WCT) second 
(y-axis) against the simulated hour (x-axis). The upper three curves show binding-access 
throughputs. The lower three curves show the binding-creation throughputs. Each data 
point is the mean of 10 trials, and error bars show the Confidence Intervals (CIs), approx­
imately Mean ± 2 x  Standard Error, which gives a range of values with 95% confident 
contains the true mean.
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The performance of the binding service has been quantified by a model-driven simula­
tion method. The workload patterns of updates and queries that that such a service must 
support were discovered by analysing existing systems. A simulation environment was 
established to generate the representative workloads, and binding service was tested un­
der different types of binding-creation, access and combined workloads. The empirical 
results show that the binding service is robust in handling varied types and varied scale of 
workloads.
However, the aspects of performance that have been achieved was on a single server 
node. The experiments have identified that using a single server MySQL database as 
the binding storage was unable to handle heavy workloads. As illustrated in Chapter 2, 
nowadays experimental science is generating vast volumes of data, and many scientific 
applications, i.e., a provenance tracking service, will require to update and access bind­
ings in high speeds and high volumes. Such applications will stress the binding system. 
We decided to further explore more about the scalability issues, and the next group of 
experiments test a strategy for scaling up the binding storage.
6.2 Experimental Evaluation of Scalability
As we introduced in Chapter 3, the Cloud is a recently emerged technology to handle 
large-scale data. In this study, we adopt one of the Cloud technologies, Hadoop21, to scale 
up the binding storage.
Inspired by Google’s Google File System (GFS) [Ghem 03] and MapReduce [Dean 04], 
Hadoop is designed to scale to petabytes of storage. It runs on top of the file systems built 
from a cluster of data nodes. On February 2008, Yahoo! Launched the world’s largest 
Hadoop production application that runs on >10,000 cores as a Linux cluster and pro­
duces data that is used in every Yahoo! Web search query [Baez 08],
In the following experiments, we replace the single node MySQL database with a 
Hadoop-based binding storage, and run a series of controlled experiments to test the stor­
age scalability.
6.2.1 Experimental Setup
Shown in Figure 6.23, a Hadoop cluster is set up, which consists of one master to run the 
‘master’ daemons. It is the namehode of the Hadoop, but it also acts as a datanode with 
regard to data storage and processing. The slave nodes only consists of the Hadoop datan- 
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and management of the ‘slave’ daemons, while the latter do the actual data storage and 
data processing work. The job tracker running on the master node controls the task tracker 
on each slave node to monitor the status of the parallel execution of the map/reduce tasks 
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Figure 6.23: A (V-node Hadoop Cluster Binding Storage
Since the workload simulator developed for earlier experiments is not capable of gen­
erating scalable workloads sufficient for testing the Hadoop-based binding storage, we 
implement a new workload generator based on the Hadoop Map/Reduce framework. It 
models only simple workload types and concentrates more on scalability evaluation. The 
controlled variables include the size of Hadoop clusters, the scale of binding creation, and 
the scale of binding space for searching. Performance in terms of elapsed time of binding- 
creation and binding-access are measured. In order to understand more about behaviours 
of Hadoop, the web service layer is excluded in this set of experiments.
On binding creation, the workload generator uses the Hadoop Map method to ran­
domly generate simple bindings, < id,d,m,{ao, a\,...} >, and write them into the storage. 
The sizes of tags range from 10 to 100 terms22. The terms are randomly selected from 
the Linux dictionary. The cluster size is N nodes, N e {2,3,5,6}, and the total bindings 
generated are varied to be a total of X bytes. Each map task is assigned to create x bytes of 
bindings, and each Hadoop datanode is controlled to process z tasks, where z is the same 
for all datanodes. Thus, we have:
X =N x-zxx (6.5)
For example, to generate 10GB of bindings on a 6-node Hadoop cluster, it is neces­
sary to assign each node 5 map tasks, and each map task is to generate 341MB ((10 x 
1024)/(6 x 5)) bindings.
22 As before, we only model the binding tag behaviours, and use fix size texts for the other three binding 
attributes (binding ID, subject, and object).
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On searching for bindings, the workload generator invokes the Hadoop Map method 
to search through the storage to find a single matched tag, and the results are written out by 
the Reduce method into a single file. Once again, each node is assigned the same number 
of parallel processes, z, and the binding search time over X bytes bindings across N nodes 
Hadoop cluster is measured, N e {2,3,5,6}.
The testbed is based on a lab system. Each machine is configured as follows: Intel(R) 
Core(TM)2 Duo CPU 2.66GHz, RAM 2.0GB, Hard Disk 145GB, OS Red Hat 2.16.0. 
These machines have similar CPU and Hard Disk facilities as those used in the earlier 
experiments, but have less RAM capability. The machines are physically close to each 
other, located within the same computer laboratory, with 100Mbps network interface. A 
benchmark is developed, which consists of a set of command scripts that generate the 
binding data, search for a binding item, measure the time of both processes, and then 
delete the data. Each test is repeated 10 times, and the mean values, the Standard Errors 
(SEs) and the 95% Confidence Intervals (95% CIs) are calculated.
6.2.2 Experimental Results 
Performance of Binding Write
Table 6.4 presents the elapsed time in seconds for generating 1GB to 10GB bindings over 
4 different sizes of Hadoop clusters. The measures are taken from the time the master node 
initiates the Map jobs to the time the last datanode finishes the final Map task. Each con­
figuration is tested 10 times to collect the means and standard errors, and a total 400 trials 
are attempted. These data are reproduced in Figure 6.24, which provides visualisation of 
the performance trends.
The left graph of Figure 6.24 plots the elapsed time in seconds (y-axis) against the 
total size of binding creation in gigabytes (x-axis). The graph illustrates that the binding 
creation time is a function of the writing load. The overall running time grows linearly 
as the writing load increases. It can be calculated from Table 6.4, for a 2-node cluster, 
the ratio for generating 10GB records to 1GB records is approximate 9.5:1. For a 6-node 
cluster, this ratio is 9.3:1.
The right graph of Figure 6.24 plots the binding-creation time (y-axis) against the size 
of Hadoop cluster (x-axis). The graph shows that the performance improves when expand­
ing the size of clusters. For creating 1GB bindings, when adding the nodes number up to 
3, the performance gain rises nearly 20 percent comparing to 2-node cluster. For creating 
10GB records, when adding the nodes up to 6, the performance is about 55 percent better 
than 2-node cluster.
Table 6.5 shows the statistics of storage capability and throughputs of binding-creation 
over different sizes of clusters. The usable binding storage facility grows up to >800GB
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2 nodes 3 nodes 5 nodes 6 nodes
1GB 79.5 (1.1) 63.6(1.1) 46.2(1.3) 36.2 (0.5)
2GB 151.1 (0.7) 125.7 (0.7) 97.1 (2.4) 67.0(1.1)
3GB 222.7 (1.7) 185.7(1.7) 122.1 (1.1) 104.7(1.7)
4GB 294.4 (2.1) 243.1 (2.1) 155.9(1.5) 138.7 (2.0)
5GB 377.7 (2.4) 294.6 (2.4) 233.5 (4.4) 175.7 (2.0)
6GB 450.6 (2.9) 356.0 (2.9) 276.4 (3.5) 206.9 (3.0)
7GB 521.1 (3.2) 417.3 (3.3) 317.0 (5.1) 237.9 (2.0)
8GB 603.0 (3.4) 485.3 (3.3) 380.2 (4.7) 272.3 (1.5)
9GB 673.0 (6.0) 545.2 (6.0) 415.4 (6.5) 294.5 (3.5)
10GB 757.7 (3.4) 596.7 (3.3) 463.0 (7.9) 339.7 (4.6)
Note. This table lists the elapsed time of binding-creation 
in seconds on 4 different sizes of Hadoop cluster. The da­
ta volumes are varied from 1GB to 10GB. Each experim­
ent is repeated 10 times. Figures in parentheses are stan­
dard errors. The data presented here is reproduced in Fig­
ure 6.24.
Table 6.5: Throughputs of Binding Creation
2 nodes 3 nodes 5 nodes 6 nodes
Binding Storage Capability (GB) 269.29 403.935 673.225 807.87
Number of map tasks 30 30 30 30
Tasks per node 15 10 6 5
Avg. throughputs (MB/s) 13.6 16.9 22.7 29.6
Note. These data correspond to the same set of experiments as Table 
6.4, which describes the average throughput of binding creation over 
each experimental cluster.
in the 6-Node cluster, and a total 30 parallel processes are used to support the binding 
processes. The binding-creation throughput increases when more nodes are added to the 
cluster. The average throughput over the 6-node cluster is >2 times greater than over a 
2-node Hadoop-based binding system. A total 29.6 MB/s throughput is achieved at the 
6-node cluster. Consider the typical size of a binding (using the figures from Table 6.2 
to calculate) is roughly 1.5KB ~4KB, which implies potentially 7,400 -19,000 bindings 
per second can be processed by a 6-node cluster. This satisfies our current goal of investi­
gation. Note that Hadoop replicates data for safety, and the replicas are generated during 
the initial writing. In this group of experiments, 2 replicas are used for each file. The 
binding-creation throughput reported in Table 6.5 do not include the Hadoop replication 
throughput, which means the actual throughput of the Hadoop cluster should be (2 times) 
higher than the binding-creation throughput.
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Figure 6.24: Elapsed time of binding creation in second. Graph (a) plots the elapsed time 
of binding-creation (y-axis) against the volume of binding created (x-axis). Graph (b) plots 
the elapsed time of binding-creation (y-axis) against the size of Hadoop cluster (x-axis). 
Each data point is the mean of 10 trials, and error bars show the Confidence Intervals 
(C/s), approximately Mean ± 2 x Standard Error, which gives a range of values with 95% 
confident contains the true mean.
Performance of Binding Read
Table 6.6 lists the elapsed time of binding-access in seconds for searching 1GB to 10GB 
binding spaces using 4 different sizes of Hadoop clusters. The measures are taken from 
the time the master node takes the query and initiates the Map/Reduce process to the time 
the final datanode returns results. Each configuration is tested for 10 times, the means and 
standard errors are calculated, and a total 400 trials are attempted. Figure 6.25 provides 
the graphical representations of these measures. The binding-access throughput is shown 
in Table 6.7.
The left graph of Figure 6.25 plots the elapsed time of binding-access in seconds (y- 
axis) against the volume of bindings in store (x-axis). The graph illustrates the total search 
time increases as the size of binding space grows. Calculated from Table 6.6, for a 2-node 
cluster, the search takes about 3.8 times as long at a reading load of 10GB as at a reading 
load of 1GB. For a 6-node cluster, the time of searching through 10GB records is 3 times 
as long as for searching through 1GB records.
The right graph of Figure 6.25 plots the elapsed time of binding-access in seconds 
(y-axis) against the size of cluster (x-axis), which shows the binding-access performance 
upgrades when expanding the cluster size. Using the figures in Table 6.6, it can be cal­
culated, for searching over a 1GB bindings, the 6-node cluster is 85 percent faster than
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2 nodes 3 nodes 5 nodes 6 nodes
1GB 66.6 (2.3) 56.0 (0.7) 38.1 (0.8) 35.9 (0.8)
2GB 62.7 (2.7) 62.6 (2.9) 56.9(1.5) 55.7 (2.7)
3GB 95.7 (2.7) 75.1 (2.7) 57.6(1.7) 53.5(1.3)
4GB 137.0(1.8) 100.8(1.2) 69.9 (2.8) 61.3 (1.4)
5GB 134.5 (2.0) 99.8(1.6) 70.0(1.1) 62.4(1.9)
6GB 173.5 (2.6) 127.1 (2.4) 83.8 (1.3) 76.4(1.6)
7GB 172.9(1.6) 131.4 (2.4) 85.6 (0.8) 78.0(1.4)
8GB 219.0 (2.3) 161.2 (2.4) 101.5 (1.3) 89.5(1.0)
9GB 216.9 (2.3) 159.7 (2.0) 104.4(1.0) 100.5 (1.0)
10GB 251.5 (2.5) 183.3 (1.7) 141.4(1.5) 104.9 (0.8)
Note. This table lists the binding-access time in seconds 
over four different sizes of Hadoop clusters. The sizes of 
binding space are varied from 1 GB to 10 GB. Each data 
point is the mean of 10 trials. The figures in parentheses 
are standard errors. These data correspond to the Figure 6.25.
Table 6.7: Throughputs of Binding Access
2 nodes 3 nodes 5 nodes 6 nodes
Binding Storage Capability (GB) 269.29 403.935 673.225 807.87
Number o f map tasks 30 30 30 30
Tasks per node 15 10 6 5
Avg. throughputs (MB/s) 34.6 45.1 64.6 72.5
Note. These data correspond to the same set of experiments as Table 6.6, 
which describe the average throughput of binding read over each experi­
mental cluster.
the 2-node cluster. For searching over 10GB records, the 6-node cluster is nearly 2 times 
faster than the 2-node cluster.
Table 6.7 illustrates that the average binding-access throughput is a function of the 
cluster size. The average binding-read throughputs are better than the average binding- 
creation throughput. The 6-node cluster produced 72.5MB/s binding-read throughput, 
which is 2.4 times of binding-write throughput. The reasons might due to (a) disk write is 
slower than disk read, and (b) Hadoop replicates the data when writing.
6.2.3 Conclusion
These experiments explored the potential advantages of Cloud technology and examined 
the scalability of Hadoop-based binding system. By using a simple configuration, (con­
necting machines in computer lab with normal network support,) we have achieved over 
800GB binding storage, 29.6MB/s binding-creation throughput, and 72.5MB/s binding-
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Figure 6.25: Elapsed time of binding access in seconds. Graph (a) plots the elapsed time 
of binding-access (y-axis) against the total volume of bindings in store (x-axis). Graph
(b) plots the elapsed time of binding-access (y-axis) against the size of Hadoop cluster 
(x-axis). Each data point is the mean of 10 trials, and error bars show the Confidence 
Intervals (C/s), approximately Mean ± 2 x Standard Error, which gives a range of values 
with 95% confident contains the true mean.
access throughput at a 6-node cluster. The binding data structure is demonstrated to be 
suitable for parallelisation and can be handled by the Map/Reduce program. These are 
satisfactory for current investigation goals.
6.3 Summary
The performance of the binding service have been evaluated by empirical measurement. 
A number of existing scientific systems were observed and analysed to characterise the 
workloads that a binding service would need to support. These were then fitted to para­
metric statistical description of the workloads so that synthetic workloads with comparable 
properties could be simulated. The simulated workloads were applied to the prototyped 
binding service implementation to measure performance. The performance results showed 
that the binding service was robust to different types workloads in small to large scales.
The performance can be improved in many ways, for example, to provide composite 
and bulk operations so as to reduce data movements and messages between client and 
server. However, performance is not the only criteria for our investigation and we do not 
chose to support those operations to gain performance as they would introduce complexity 
for users and decrease take up. The performance that has been achieved is adequate for 
many existing scientific applications.
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We have chosen to investigate the scalability problem, since the experiments have re­
vealed that using a single server MySQL database as binding storage was not scalable, 
and we anticipated that special or future applications would require intensive binding pro­
cesses. In the situation that scalability turns up to be a problem, we have prepared the solu­
tion to scale up the binding storage. Cloud technologies has been applied, and the perfor­
mance of the Hadoop-based binding storage has been quantified. The results showed the 
a 6-node Hadoop-based binding storage with basic configuration was sufficient to support 
up to 10 gigabytes binding creation and access, which satisfied our current investigation 
goals.
In the next chapter, we provide an application example to show how the binding ser­
vice can be used to support scientific applications.
C h a p t e r  7
B i n d i n g  U s e  C a s e s
This chapter evaluates the value of the binding approach in supporting scientific appli­
cations. Numerous information inconsistency problems caused by absence of explicit 
binding management were noted in Chapter 2, we now explore how such problems can be 
resolved by using the binding service. A binding service is installed to provide binding 
facilities for the EurExpress system. The binding constraint language is applied to de­
tect inconsistency between EurExpress data and metadata. The performance is evaluated 
experimentally. We further use the seven scenarios introduced in Chapter 2 to examine 
binding usage in support of various types of scientific applications.
The chapter is organised as follows: section 7.1 presents the experimental evaluation 
of the binding service in supporting consistency checking of EurExpress data; section 7.2 
discusses other binding applications, and finally, section 7.3 summarises this chapter.
7.1 Experimental Evaluation of Consistency Checking
7.1.1 Introduction
The overall goal of this group of experiments is to test the hypothesis that the binding 
approach is useful in facilitating information consistency checking, at affordable compu­
tational costs.
The use case of the EurExpress system is considered further. The following experi­
ments test the feasibility of using binding validation operation to detect certain types of 
conflicts and duplications in both EurExpress data and metadata sets. The experiments 
measure and compare the performance efficiency of the validation operation in:
i Executing binding access;
ii Checking the binding data;
iii Checking the binding metadata; and
iv Checking both binding data and metadata.
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The measures are collected under 30 different configurations by tuning 3 control vari­
ables, including 1) binding space size, 2) error patterns, and 3) error rates. Tests on each 
configuration are repeated 10 times, a total 300 trials are attempted, and the mean values, 
the Standard Errors (SEs) and the 95% Confidence Intervals (95% CIs) are calculated.
The empirical results show that the binding service extends the existing system capa­
bilities to address the information inconsistency issues and some cases of conflicting or 
duplicated data and metadata can be found. The results also show that the time to validate 
binding information is tv <nx. a + t where a is the time to access a binding and n is the 
number of bindings in the store, irrespective of the numbers, patterns and types of errors. 
In the following each experimental component is presented in detail.
7.1.2 Experimental Setup
As shown in Figure 7.1, the experimental environment extends the previous tests by estab­
lishing a connection between the binding service and a test copy of EurExpress Repository.
The experiment uses a test copy of the repository rather than the real data repository 
because small to large numbers of simulated errors are to be introduced into the dataset. 
In all other respects, the Testing EurExpress Repository is configured in exactly the same 
way as the EurExpress Repository. It consists of a copy of the TDB database which stores 
gene expression image metadata, and a file system which stores the biomedical images.
As before, a web server is set up to run the binding service. The implemented valida­
tion operation can search through the binding space and use the binding get data and get 
metadata operation, GetResourceQ, to interact with the Testing EurExpress Repository.
Figure 7.1: Experimental Setup
A client is installed with the command-line interface to remotely invoke binding opera­
tions. A performance monitor is installed to collect the performance measures and store 
them in a local database. Again, the measures are delivered to the statistical analysis tool, 
R, to output result graphs.
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The hardware and software experimental configuration was as follows:
• Web server: Intel(R) Core(TM)2 Quad CPU 2.66 GHz, RAM 8GB, Hard Disk 
1.8TB;
• Client: Intel(R) Core(TM)2 Duo CPU 3.00GHz, RAM 8GB, Hard Disk 130GB;
• The network interface: - 100Mbps;
• OS: Linux Ubuntu version 10.04.1;
• The web server is installed with Tomcat 5.5, the OGSA-DAI 4.0 server setting, and 
MySQL 6.0;
• The client is configured with SSJ (Stochastic Simulation in Java) 2.4, OGSA-DAI 
4.0 client library, R 2.12.0, and MySql 6.0.
The experimental workflow (shown in Figure 7.2) is controlled and automated executed 
by scripts that:
1. Clean up the storage;
2. Set up experimental configuration variables;
3. Generate bindings;
4. Generate errors in the data and metadata sets;
5. Start the binding validation;
6. Collect and store the measure results; and
7. Finally output the results as statistical graphs.
'es




Generate % random/burst errors in 
EurExpress database&flle system
Start measure
Set experimental variables; 
BS=n, EP=patterns, ER=% 
Set testing constraint c
Clean up the storage
all variables?
Generate n bindings
Figure 7.2: Experiment Execution Workflow
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The experimental data are the real data from the EurExpress system. Representative bind­
ings, b,„ are created to associate the biomedical image files and their metadata records in 
the TDB database. The contents of b„ are shown below:
Binding Id: UUIDs
Binding Subject: http://www.eurexperss.org/images/assayi/imagej.png 
Binding Object: http://www.eurexpress.org/query7SELECTannotationjassay¡-imagej 
FROM Image .metadata Jable 
Tags: CreationDateTimeStamp, CreationUser, LastModificationDateTimeStamp,
LasModificationUser, and some simple descriptions.
7.1.3 Experimental Data
The binding consistency constraints are as follows:
Ca: Vb, binding.creation.date < ‘01 Jan. 2006’
Cp. Vb, binding.creation.date < ‘01 Jan. 2006’, ( b.d 4 nil)  -»■ ( ( refd(b)  4 nil) a  (Unique(refd(b)))))
Cc: Vb, binding.creation.date < ‘01 Jan. 2006’, (b.m 4= nil) -*■ ((refm(b) 4= nil) a  (Unique(refm(b))))
Q: Vb, binding.creation.date < ‘01 Jan. 2006’, ((b.d 4= nil) a  (b.m 4 nil)) -*
((refd(b) 4nil) a  (Unique(refd(b))) a  (refm(b) 4nil) a  (Unique(refm(b))))
Intuitively, Ca simply selects a subset of bindings; Q,, Cc, and Q claim that for each 
binding in the selected binding subset, the binding data or/and binding metadata must 
uniquely exist. In other words, Q,, Cc, and Cd are aimed to detect two types of errors: (1) 
non-existence of data or/and metadata, and (2) duplications of them.
The design of the four constraints serves three purposes. Firstly, it evaluates the ca­
pability of the validation operation in checking (two types of) realistic errors identified in 
the EurExpress system. Secondly, it measures the efficiency of executing different types 
of validation checking, so as to enable the observations of performance characteristics of 
individual validation processes. Finally, it makes it possible to compare the validation 
behaviour with known binding behaviours, such as pure binding access, so as to analyse 
the relationship between them.
7.1.4 Implementation of the Validation Operation
Recall in Chapter 5, the binding validation operation API is defined as VerifyBindings(c: 
String), which parses an input binding constraint statement c into executable expressions, 
and then verifies the expressions against the binding sets. A simple interpreter is developed 
and exposed via the VerifyBindings() API. Sufficient functionality is implemented to parse 
and evaluate the four test constraints1.
1A full implementation is beyond the goal of the current work.
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Outputs / True, False, Errors
Figure 7.3: Flowchart of the Interpreter Interface of Binding Validation Operation
The program flowchart is shown in Figure 7.3. The interpreter consists of three key func­
tions, LexicalTokenizer(), Parse() and ExecuteQ.
=> LexicalTokenizer ( c: String ) -> T: String[]
For a given constraint statement c, LexicalTokenizer() takes c as an input stream, splits c 
into tokens and classifies the tokens into two types: keywords or variables. It returns a 
token set T which is a list of token-token type pairs.
=> Parse ( T: String[]) -»■ Exp: String[]
The result token set T is used as the input of Parse() which groups tokens into statements 
based on the syntax of the binding constraint language given in Table 4.1. Then, Parse() 
translates each statement into a (Java) executable expression and stores in a collection 
Exp.
=> Execute (Exp: String[]) -> rtn: Boolean
Finally, related bindings are selected from the binding store (by using SQL), and Execute() 
applies the binding values to the expressions and executes them in the program context. 
The result returns true if the expression is evaluated as valid, false if the expression is 
evaluated as invalid, and undecidable other-wise. Error information can be obtained via a 
method defined by Execute class.
In a future implementation, it is anticipated that a standard language recognition tool, 
such as ANTLR2, will be used. ANTLR provides a framework for constructing recog- 
nisers, interpreters, compilers, and translators from grammatical descriptions into a target 
language.
2ANTLR: www.antlr.org
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The experiments use three control variables (see Table 7.1). (1) The types of error patterns 
are the random-occurring error pattern, and the burst-occurring error pattern; (2) the size 
of data sets are (relevant) small, moderate and large scales; and (3) the percentage of errors 
in the data set are 0%, 1.76%, 10%, 25% and 50%. Notably, 1.76% is the percentage of 
errors detected in the EurExpress data during the preliminary study.
7.1.5 Experimental Configurations
Table 7.1:Experimental Configurations
Error Patterns (1) Random
(■EP) (2) Burst
Binding Space Size (1) Small scale (25,079 bindings)
CBS) (2) Moderate scale (136,450 bindings)
(3) Large scale (>240,000 bindings)





The experiments are organised as follows:
(1) For a given scale of data size and the percentage of errors introduced into the data 
sets, the type of error pattern is varied, and the service elapsed time of executing the 
binding validation operations to evaluate each of the four constraints is measured.
(2) For a given type of error pattern and the percentage of errors introduced into the 
data sets, the scale of data size is varied, and the service elapsed time of executing 
the binding validation operation to evaluate each of the four constraints is measured.
(3) For a given type of error pattern and the scale of data size, the percentage of errors 
introduced into the data sets is varied, and the service elapsed time of executing the 
binding validation operation to evaluate each of the four constraints is then mea­
sured.
7.1.6 Experimental Results
As the numbers and the types of errors in the data or metadata set are introduced by the 
generator, the correctness of validation can be accurately computed from the tracking in­
formation. The experiments results show us that the validation operation has successfully 
detected all error information introduced.
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In this group of experiments, only two types of errors are examined. More types 
of binding errors can be verified if the consistency requirements are clearly specified by 
the binding constraint language, and a full implementation of the validation operation is 
available.
The performance of binding validation is illustrated in Figure 7.4 and 7.5. Figure 7.4 
presents the plots of the elapsed time of validation operation against binding space size. 
The left three figures are the measures of random error patterns, and the right three fig­
ures are the measures of burst error patterns. Only error rate 1.76%, 25% and 50% are 
presented here, the performance characteristics of the other two configurations, error rate
0.0% and 10%, are very similar.
Figure 7.4 shows that the elapsed time of the validation operation linearly grows as the 
volumes of bindings increases. In all measures, the elapsed times of performing binding 
data and validating binding metadata are very close to the elapsed times of validating pure 
binding access. The elapsed times of validating both binding data and metadata are higher; 
yet still present the same linear trends. The regression lines suggest the time to validate 
binding information is tv < n x a + 8, where a is the time to access a binding and n is the 
number of bindings in the store.
Table 7.2 gives the fitted slopes and intercepts of each regression line. All residu­
als3 are (randomly distributed) between [-0.08, +0.04], and have no significant variations, 
which suggests the fittings are acceptable.
Table 7.2: Fitting Analysis 









0.0% 9.382 9.170 9.318 9.285
1.76% 9.166 9.065 9.199 9.085
10% 9.017 9.121 8.914 9.068
25% 9.210 9.120 9.020 9.071










0.0% 0.6365 0.6973 0.6448 1.742
1.76% 0.6487 0.6788 0.6915 1.738
10% 0.6566 0.6723 0.7393 1.7448
25% 0.6420 0.6668 0.7132 1.759









0.0% 9.383 9.447 9.466 9.27
1.76% 9.557 9.399 9.442 9.393
10% 9.417 9.474 9.603 9.422
25% 9.515 9.424 9.346 9.525










0.0% 0.6260 0.6557 0.6746 1.76
1.76% 0.6129 0.6865 0.6509 1.725
10% 0.6311 0.6466 0.6672 1.728
25% 0.6161 0.6576 0.6870 1.703
50% 0.6375 0.6387 0.7012 1.811
3Use R residuals() statement.
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Figure 7.4: Performance of binding validation, associated with regression lines. The plots 
are the elapsed time (y-axis) against binding space size (x-axis). Each data point is the 
means of ten trials, and error bars show the Confidence Intervals (C/s), approximately 
Mean ± 2 x  Standard Error, which givens a range of values with 95% confident contains 
the true mean.
7.1. Experimental Evaluation of Consistency Checking 133
It -
«  check both data & metadata 
check binding data 
check binding metadata 
access ■G -
ci check both data & metadata 
check binding data 





















9- "  "ca
LU










l i f e É i i
?
i S t
0 0.0176 0.1 0.25 0.5
Proportion of Erroneous Entries
(a) BS=25,079, EP=Random
0 0.0176 0.1 025 0.6
Proportion of Erroneous Entries
(b) BS=25,079, EP=Burst




T  ~  -IE ..
- - Ç - - Ç .............- 0 - ............. 0 — g - -
o
&  a ?
0 0.0176 0.1 025 C
Proportion of Erroneous Entries
(c) BS=136,450, EP=Random
check both data & metadata 
check binding data 




0 0.0176 0.1 025 0.5
Proportion of Erroneous Entries
(d) BS=136,450, EP=Burst
1 1 ** -r__U__ Q .. p...P...rg—ta a  e 0  T
- i l l life itfe




0 0.0176 0.1 0.25 C
Proportion of Erroneous Entries
(e) BS=2P6,839, EP=Random
- r  - r  T - T
— E 3 ............... Q .................R - - ...............a
x  T  8
r j b  i j b  r ÿ -
$  É




0 0.0176 0.1 025
Proportion of Erroneous Entries
(f) BS=276,839, EP=Burst
Figure 7.5: Performance of binding validation, associated with regression lines. The plots 
are the elapsed time (y-axis) against error rates (x-axis). Each boxplot shows five-number 
summaries of ten trials: the minimum value, lower quartile (Q1), median (Q2), upper quar- 
tile (Q3), and maximum value.
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To examine the impact of error rates on the validation performance, Figure 7.5 gives 
the box and whisker plots of the elapsed time against the error rates for different error 
patterns and binding space sizes. The results shows that elapsed time of the validation 
operation are not sensitive to the numbers, patterns and types of errors.
7.1.7 Conclusion
Above experiments have demonstrated that the binding service can extend existing system 
capabilities to provide a validation facility at affordable computational cost.
The experiment used a similar setup to that of the EurExpress system. A prototype 
implementation of the binding validation operation has been provided to detect two types 
of realistic binding failures. Three controlled variables included, 1) the number of bind­
ings in store, 2) the error pattern, and 3) the error rate, which provided 30 different system 
configurations. Performance of four validation behaviours have been measured under the 
30 different configurations. The four validation behaviours have been chosen in a way that 
performance comparison with each other was possible.
The empirical results show the elapsed time of the binding validation operation lin­
early grows as the volumes of bindings increases, and are not sensitive to the numbers, 
patterns and types of errors.
In addition to support of consistency checking, the binding service can be used in 
many other ways. The next section discusses how binding service can be used to support 
scientists and their work.
7.2 Support for Binding Scenarios
Recall in Chapter 2, after the analysis of various scientific domain applications, seven 
binding scenarios were introduced, which were the sketches of complicated systems and 
captured key system characteristics. Illustrated by Figure 7.6, the seven scenarios have
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Figure 7.6: Requirements for Binding Scenarios
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been built in a way that one additional key requirement was introduced at each step. To­
gether, these scenarios represent a range of binding requirements from simple to complex 
cases. We note that the collection of data often begins in a project that only anticipates 
Scenario 1 and 2. However, if the project is successful, it, and successor projects, will 
progress towards the more complex scenarios. The aim of the binding service is to fa­
cilitate projects climbing this staircase as the need arises. In the rest of this section, we 
discuss how the binding service can be used to support these use cases.
7.2.1 Support for Binding Scenario 1
In the first binding scenario, a researcher creates files and associates tags, with each that 
might be used later for looking up files for some task. This is the typical way for to­
day’s individual scientists to manage their data. It requires easy and efficient annotation 
facilities.
To support simple annotations, the binding operation CreateBinding(re/jn£: URI, 
ref̂ obj: URI, tags: String[]) (together with other manipulation operations) can be invoked 
to create (or update) bindings having file’s name as subject, (maybe NULL object,) and 
tags for descriptions. The binding discovery operations (GetBindingsBy Sub\ect(ref sub: 
URI) and GetBindingsByTags(tag5: StringQ)) can be used for query (by file’s name and by 
tags).
Figure 7.7: Support for Binding Scenario 1
As shown in Figure 7.7, we envisage tools that use the binding service in conjunction 
with other services, hiding its detailed operation from most users. For example, a tool 
supporting gene expression image annotators might present an interface showing the 3D 
gene expression images and user-selected existing available annotations from multiple 
sources. The annotator could add tags to classify or comment on existing annotations, or 
make new metadata annotations relating them to features in the image. The tool would 
then store these annotations in a metadata store of its choosing, and store bindings to both 
the metadata and the images with tags in the binding system. That binding service could
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then be queried on future occasions by the tool according to each annotator’s preferences. 
Annotators are able to draw around a region on an image and associated their annotations. 
The tool can capture the region, e.g. as a set of polygons or a set of run lengths, and record 
that in the metadata store or as tag values.
In summary, this subsection has discussed how Scenario 1 could be supported. The 
binding service provides sufficient facilities for simple annotations and the solution is 
straightforward. The next scenario extends Scenario 1 to introduce the requirement of 
bulk processes.
7.2.2 Support for Binding Scenario 2
In Binding Scenario 2, the researcher has collected a large number of directories of files 
with their metadata poorly encoded in their names. Now he wants to use the binding store 
to reorganise access independent from directory trees and to access relevant subsets.
To manage a large number of existing user files, a bulk information editor could be 
integrated as the client interface, e.g. a drag-and-drop box, as shown in Figure 7.8, such 
a tool might allow users to ‘drag’ the directories of files and ‘drop’ them in a location or 
container managed by the binding service. The software should allow users to examine the 
files and their metadata and make modifications, for example, to create detailed metadata, 
to add tags, to delete entries. It then invokes binding operations to run through the files 
and store the bindings.
Figure 7.8: Support for Binding Scenario 2
On the binding service side, the five binding manipulation operations defined in Chap­
ter 5 (see section 5.1.4) could be used to create and store bindings. However it would be 
more efficient to have bulk operations. This is because the bulk operations perform oper­
ations on multiple data items at once, which can often reduce the network traffic, and data 
sources can sometimes optimise execution of a batch of updates.
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Corresponding to the five binding manipulation operations, an extension of the binding 
service could provide the following bulk operations:
CreateBindingslnBulk( refusubs: URl[], ref-objs- URI[], tags. String[][]);
DeleteBindingslnBulk( binding-ids: UUID[]);
AddBindingObjectslnBulk( bindingJds: UUIDQ, ref-objs: URI[]);
lnsertTagslnBulk( bindingJds: UUID[], tags: String[][]);
RemoveTagslnBulk( bindingJds: UUID[], tags: String[][]);
Each bulk operation uses Array types to model the input-lists of binding attributes. For 
database storage systems, each bulk operation can implement a bulk-execution SQL inter­
face which can execute a batch of SQL statements, e.g. using storage procedures having 
arrays of parameters. For example, arrays of parameters can be used with the following 
INSERT statement to insert multiple bindings into the BindingTable while executing only a 
single SQL statement:
1 INSERT INTO BindingTab le  ( BT_bindingID, BT_subject, BT_object ) VALUES ( ?, ?, ? ) ;
When bindings become too large to be processed by a single database, the binding 
service could use the Hadoop-based storage clusters, in which case, the binding bulk op­
erations can have map/reduce interfaces to partition bindings onto the cluster nodes, or 
update them.
To conclude, this subsection has discussed how to use the binding service to support 
Scenario 2, in particular, how to support bulk processes. Extensional binding operations 
have been provided, which would allow (large number of) existing data to have binding 
supports easily.
7.2.3 Support for Binding Scenario 3
In Binding Scenario 3, the researcher wants to use files of their own as in Scenario 1 or 
Scenario 2 plus files in a reference repository and select subsets from the combination. The 
key requirement introduced by this scenario is to support external information references.
As shown in Figure 7.9, the binding service can be configured to communicate with 
remote storage systems or web services. The binding operation to support this function is 
the get -operation, GetResourc e{ref: URI), which retrieves data items from an indicated 
remote source. Another gei-operation, GetResourceStatus(r<?/: URI), allows checking the 
availability of an indicated resource. Implemented via the data access and integration soft­
ware, OGSA-DAI [Anto 07], the two gei-operations are able to access different types of 
storage systems, including relational databases, XML databases, file systems, or another 
web data service.
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Figure 7.9: Support for Binding Scenario 3
On the client side, a data association tool can be integrated, for example, it might 
present an interface, on the one side showing gene expression images, on the other side 
showing a list of internal and external data sources, and their contents can be viewed. The 
tool would allow users to map images and resources to each other, and add annotations. 
Then, bindings could be generated and stored.
In summary, this subsection has provided the solution to Binding Scenario 3. The 
available binding operations for external data references and possible client interface have 
been discussed. Next, we will look at how to use the binding service to support informa­
tion sharing.
7.2.4 Support for Binding Scenario 4
In Binding Scenario 4, the researcher wants to share some (or all) of his data with his col­
laborators. To support simple sharing, the binding service needs to provide the necessary 
access control.
The design of binding service has assumed that security would be dealt with by calls to 
other services (see subsection 5.1.1). Here, we are not going to discuss the security details. 
In Figure 7.10, we assume the client interface implements a basic user login function 
which allows registered users to access the system. With user information, the client tool 
could then retrieve bindings by user’s name and bindings shared by other, for example, 
those tagged by ‘ShareableBinding’. The tool would allow a user to view his own bindings 
and all shared bindings, and also allow him to mark up own bindings for sharing. The 
bindings marked for sharing can be associated with a system tag, e.g. ‘ShareableBinding’, 
and stored in the binding system.
. cRecall in Chapter 5 (see subsection 5.1.3), when defining binding data structure, we 
specified each binding to have a system tag ‘CreationUser’ to indicate the owner of the 
binding. When the client tool needs to retrieve bindings by user’s name, the binding 
discovery operation, GetBindingsByTags(ragi: StringQ), can be invoked to obtain bind-
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mgs having matched user-name. Similarly, GetBindingsByTags(rags: String!]) can ob­
tain bindings having tag ‘ShareableBinding’. When stores the bindings, the operation, 
CreateBindings(re/jn£>: URI, ref.obj\ URI, tags: StringO), can automatically attach the 
tag ‘ShareableBinding’ to those bindings select for sharing.
Figure 7.10: Support for Binding Scenario 4
In summary, this subsection has provided one solution for information sharing. The 
possible client interface has been described and the ways to map the client behaviours 
to the binding operations has been discussed. However, Scenario 4 has described basic 
binding sharing requirements, in the following, Scenario 5 will introduce more complex 
requirements for binding sharing.
7.2.5 Support for Binding Scenario 5
In Binding Scenario 5, a group of collaborators wants to share descriptions including 
referenced data.
To support sharing of binding information and group collaborations, a binding service 
can make use of Web 2.0-style social web sites technologies. Many e-Science practices 
such as myExperiment [Rour 10], and BioCatalogue [Bhag 10] have given good examples 
and useful experiences of using Web 2.0 to support knowledge sharing among members of 
communities. The public repository, myExperiment4, is an external application of Tavema 
which has established a collection of scientific workflows, spanning multiple disciplines 
and multiple workflow systems. The myExperiment plugin for Tavema allows its work­
bench to search metadata of workflows and download workflows from myExperiment 
[Rour 10]. The BioCatalogue (as introduced in Chapter 3) uses Web 2.0, in particular, the 
tagging technologies to ease the service annotation and discovery.
In the case of binding applications, a Web 2.0-style interface, e.g. built by the Ruby 
on Rails framework5, can be developed as a front-end to the binding service, which allows
4myExperiment: http://myexperiment.org
5Ruby on Rails: http://rubyonrails.org/
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a group of collaborators to post their bindings, and view submitted bindings from other 
members. New post bindings and release notes can be syndicated on RSS feeds or posted 
on Twitter6. The tool would provide search facilities, e.g. using tag suggestion and tag 
cloud for tagging based search or browser. Retrieved bindings can be ranked by various 
criteria, such as based on binding popularity, similarity, or time of creation.
Figure 7.11 : Support for Binding Scenario 5
The design of the binding service naturally supports Web 2.0 developments. Using 
tagging technology, the binding service is able to assign various (system) tags to bindings 
to indicate the status of bindings. For example, assuming that some Web2.0 standard for 
user identification/authentication is adopted. Then FOAF7 statements could be used to 
define a group. Sharing could be permitted to an explicit access list minus an explicit 
exclusion list, where entries of the list are individuals or groups. These lists would be 
associated with tags, e.g. ‘ShareWith’ and ‘NotShareWith’, respectively. Each new sub­
mitted binding can be assigned a tag ‘NewPostBinding’, and each binding can be assigned 
a key-value pair tag ‘BindingFrequency = num’ to keep the statistics of binding access, 
e.g. invoking the binding operation, UpdateTags(bindingJd: UUID, oldJags: String[], 
new Jags: String[]), to update the value each time when the binding being accessed. In 
different occasions, the client tool can invoke operation GetBindingsByTags(iag.s: StringQ) 
to obtain desired binding sets.
To conclude this subsection, the binding solution to the group collaborations has been 
explored, which suggested a Web 2.0 styled interface. The design of binding service natu­
rally supports the Web 2.0 development, and the integration methods have been discussed. 
In Scenario 6, we will investigate another challenging requirement.
6Twitter: http://twitter.com/
7FOAF: http://xmlns.com/foaf/spec/
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7.2.6 Support for Binding Scenario 6
Binding Scenario 6 extends previous scenarios to require the referenced data to be subsets 
of the data in a database or parts of one or more files.
Recall the binding data structure defined in Chapter 5 (see section 5.1), a binding uses 
URIs to reference data and metadata associated. The syntax of a URI consists of Query 
part which enables the representations of data objects in different level of granularities. 
For example, it can include SQL SELECT statement to refer a subset of database tables. 
The URI syntax also consists of Fragment part which allows reference a place in a file. 
By using URIs, a user can associate subsets of a data resource or metadata resource. The 
implementation of the binding operation GetResource(r<?/: URI) supports HTTP, FTP and 
GridFTP network protocols, and can be used to obtain datasets.
Figure 7.12: Support for Binding Scenario 6
A complex case would be that users wanted to refer to a subset of a retrieval result
from multiple resources. This can be achieved by combining third-party’s software which
support distributed query and data integration, such as OGSA-DAI. Chapter 5 (see section 
5.2) has introduced OGSA-DAI, which was a framework allows groups of activities to be 
chained and executed. OGSA-DAI provides a distributed query processor (DQP), which 
allows a single query to cite tables in multiple databases [Dobr 10]. DQP automatically 
parses the query and outputs a query plan which specifies the workflows to execute to 
get the required data from each database by using streaming technology [Dobr 10]. For 
example, DQP supports the following SQL statement (written in DQP grammar):
1 SELECT annotat ions FROM
2 ( (  SELECT annotat ions FROM eurexpress_db. annotat ion_ tab le  e WHERE e .gene = 'NRG1') UNION ALL
3 ( SELECT annotat ions FROM dgemap_db.annotation_table  d WHERE d .gene= 'NRGl' ) )
Here the annotations for gene ‘NRGU are retrieved from tables of two databases (located 
at separate biology labs).
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The implementation of the binding service is native to OGSA-DAI, and can be ex­
tended to include the DQP facility to support distributed queries. Illustrated by Fig­
ure 7.12, the binding service can access remote resources wrapped by OGSA-DAI. The 
binding operation GetResource(re/: URI) can be extended to implement a DQP interface 
to resolve a URI consisting of DQP SQL statement.
A client tool can present users an interface showing available bindings with binding 
data and metadata as clickable links. On click those links, the client tool would invoke
GetResource(re/: URI) to obtain the contents of the resource referenced, and displays
them. The client tool would provide facilities allow user to view the contents of available 
resources, construct URIs and write DQP SQL statements, and create bindings using those 
URIs and then store them.
In summary, this subsection has discussed the binding facilities for support of subsets 
references to multiple data sources. A complex use case has been considered, the solu­
tion of using OGSA-DAI DQP to reference subsets from distributed resources has been 
explored, and the integration interface has been described.
7.2.7 Support for Binding Scenario 7
Finally, Binding Scenario 7 describes the situation when the collaborators have built a 
valuable collection of bindings of data and metadata, and wanted to make that public 
for other researchers. The requirement introduced by this scenario is to support binding 
publications.
Figure 7.13: Support for Binding Scenario 7
As our purpose is to explore binding usage, we will not discuss many complex issues 
of data publication. We present a simple approach below and show how previous solutions 
can be reused and combined to resolve complicated use cases.
Figure 7.13 depicts the solution which uses a binding registry to register bindings 
published by individual binding services so as to support binding discovery. Importantly,
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the binding registry is also a binding service, which regards the other binding services as 
data resources. On registering bindings, a client tool could present an interface that allows 
users to provide the reference of submitted binding and add tags for descriptions. The tool 
then could invoke operation CreateBinding() to generate a binding having subject referring 
to the published binding, and with tags attached. This essentially becomes the annotation 
problem, and the solution is similar to that in Scenario 1. The client tool can also provide 
a bulk binding editor for registering multiple bindings. The solution would be similar to 
that in Scenario 2.
However the requirement complexity introduced by a binding registry may go be­
yond the simple annotation and bulk processes, and is probably not be simply resolved by 
combining existing software. For example, it would involve following requirements on 
binding quality, security, and scalability:
(a) Requirement for establishing binding publication and sharing policies to encourage 
ethical behaviour of binding providers and binding consumers;
(b) Requirement for establishing standards, e.g. to create ontologies for binding anno­
tation, so as to help system and users understand each other;
(c) Requirement for enforcing security, so as to know who uses the system;
(d) Requirement for curating the bindings submissions, so as to maintain the quality of 
the collections; and
(e) Requirement for scalability, e.g. to provide performance and efficiency when sys­
tem scales up (as illustrated by the experience of publishing the Sloan Digital Sky 
Survey [Sing 06]).
The policy making issue in (a) is beyond this discussion (see for example, The Toronto 
Statement [Auth 09]). We briefly discuss the technical solutions for (b)(c)(d)(e) below:
• For (b), in Chapter 5 (see subsection 5.1.3) we have discussed that binding tags 
could be combined with a domain ontology or controlled vocabulary. To achieve 
standardisation of tags, the client tool could restrict tag inputs, meanwhile provide 
tag suggestion function to present users a list of legal tags to use.
• For (c), we have discussed (see subsection 5.1.1) that security would be dealt by call 
to other services. Depending on concrete security requirements, a binding registry 
can integrate a security service, such as shibboleth8, to handle user authentication 
and authorisation.
• For (d), the client tool could provide curators an interface which allows them to 
examine submitted bindings and mark up the qualified bindings (e.g. using a tag, 
‘PublishableBinding’) for publishing. The solution would be similar as that in Sce­
nario 4.
8shibboleth: http://shibboleth.intemet2.edu/
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• For (e), recall scalability solution has been provided in Chapter 5. Section 5.4 has 
explored the Cloud technology and examined the scalability of a Hadoop-based 
binding storage. The result showed that it was sufficient to use Hadoop as the strat­
egy to scale up the binding storage capabilities.
To conclude, this subsection has provided a binding registry approach to the binding pub­
lish problem. We have explored how to use a binding service to serve as a registry, and 
how to combine solutions of previous use cases to resolve the new problem. We have 
also discussed the solutions for complicated requirements for a binding registry, including 
issues of standardisation, security, quality, and scalability.
7.2.8 Conclusion
This section has explored the binding solutions to various binding applications. Table 7.3 
provides a summary of the discussions
Table 7.3: Support for Binding Scenarios
Scenarios Requirements Client Interfaces Binding Facilities Extensions
Scenario 1 Simple
Annotation






Discovery operations Bulk operations













Scenario 5 Scenl,2,3,4+ 
Group Share
Web2.0 Tool Tags:NewPostBinding,BindingFrequency 
UpdateTags(), GetBindingsByTags()




Use URIs to reference subset of data 
GetResource()
OGSA-DAI DQP






We have used seven use scenarios which were the sketches of existing systems and 
captured key binding requirements including, simple annotation, bulk processes, external 
data reference, information sharing, group collaboration, subset data access, and data pub­
lication. The requirement complexity has been built up at each step. Together the seven 
scenarios represent simple to complex application use cases. For each scenario, we re­
viewed the binding facilities for supports of the requirement, described possible client in­
terface, and explained how to map the client behaviours to the binding service behaviours. 
For some special issues, we also discussed possible extensions for the binding service.
The analysis has shown that the binding service could be used to serve various pur­
poses, and the solutions to the seven simple use scenarios could be combined to address 
more complicated requirements.
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7.3 Su m m a r y
The binding requirements and challenges identified in use cases that are introduced at the 
beginning of the thesis have been addressed. The value of binding approach in supporting 
scientific applications have been demonstrated.
Firstly, an experimental analysis of a realistic binding application has been presented. 
The experiments have examined the capability of the binding service in providing valida­
tion facilities to the EurExpress test system. The results had shown that the binding service 
was able to detect realistic consistency failures embedded in scientific data at affordable 
computational cost.
To explore the binding usage in other types of scientific applications, the solutions 
of using binding service to support seven representative use scenarios were discussed. 
The analysis results have shown that the binding service could be flexibly extended or 
combined to serve a range of different types of scientific applications.
In the next chapter, we continue to evaluate the design of the binding service by com­
paring it with the state-of-the-art approach.
C h a p t e r  8
C o m p a r i s o n  with State-of-the-Art
Chapter 5 has presented the design of the binding service. This chapter evaluates the de­
sign by comparing it with related work. In Chapter 3, we have introduced the Linked Data 
approach. This semantic web approach addresses similar design challenges to those ad­
dressed by binding approach - how to support linkages of data from large scale distributed 
sources. Several design features of the two approaches are comparable, i.e., both define a 
data structure to represent a relationship as an association of subject with object, and both 
use URIs to reference external objects. This raises questions, “whether the two approaches 
are essentially the same?” In this chapter, a detailed comparison of two approaches is pro­
vided, which covers five perspectives including, data structure, binding expressions, stor­
age mechanisms, query facilities, and communication protocols. Understanding this level 
of detail will serve many purposes, such as to show how internal capabilities impact on 
the external behaviours, and to guide implementations and systems integration.
The chapter is organised as follows: section 8.1 describes the comparison framework; 
section 8.2 compares the data structure; section 8.3 discusses how to use RDF for binding 
representations; section 8.4 compares the differences in the storage mechanisms; section 
8.5 compares the query facilities; section 8.6 compares the communication capabilities; 
and finally section 8.7 summaries the chapter.
8.1 Comparison Framework
Figure 8.1 shows the comparison framework. We assume the inputs are the binding re­
quirements, in particular, those have been captured by the binding formal model described 
in Chapter 4, and the outputs are computational capabilities. We compare five aspects of 
the Linked Data realisations of the binding requirements with the design of the binding 
service. We assume two aspects are equal if they give the same outputs for any identical 
inputs. This implies that to prove the two entities unequal it is only necessary to find out 
one significant controversial case.
147
148 Chapter 8. Comparison with State-of-the-Art
Figure 8.1: Comparison Framework. Given binding requirements as inputs, five aspects of 
the Linked Data approach and the binding service approach are compared. A constraint 
box contains constraint-rules for mapping model behaviours from the Linked Data to the 
binding service.
Recall the four principles of the Linked Data approach specified by Tim Bemers-Lee:
1. Use URIs as names for things;
2. Use HTTP URIs so that people can look up those names;
3. When someone looks up a URI, provide useful information, using the standards 
RDF, SPARQL;
4. Include links to other URIs so that they can discover more things.
Intuitively, the Linked Data model seems more comprehensive than the binding service 
model, for example, the underlying RDF language is declared to be expressive. This, on 
the other hand, suggests that more complexities and conflicts might be introduced in the 
Linked Data model. We explore the hypothesis that the Linked Data model can be nar­
rowed down into the binding service model by constraining its computational behaviours. 
To test the hypothesis, a constraint box is added, which contains constraint-rules for map­
ping model behaviours from the Linked Data to the binding service. The comparison aims 
at finding out what such constraint rules should be.
8.2 Comparison of Data Structure
The Linked Data makes use of the RDF data model. The Resource Description Framework 
(RDF)1 is a W3C standard model for data interchange on the Web. RDF extends the 
linking structure of the Web to use URIs to name the relationships between things as well 
as the two ends of the link, which is usually referred to as a ‘triple’. The linked structure 
forms a directed, labelled graph, where the edges represent the named link between two
1 W3C RDF Primer http://www.w3.Org/TR/2004/REC-rdf-primer-20040210/#rdfxml
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resources, represented by the graph nodes. In the form of an RDF triple, it consists of a 
subject, an object and a predicate.
Recall the data structure of the binding service, which consists of a global unique 
identifier, BindingID, a reference pointing to the data (the so-called binding subject), a 
reference of the associated metadata (the so-called binding object), and a set of tags that 
are used to annotate the meaning of the binding. The data type of references is URI, of 
tags is string[].
While it seems the RDF subject and the object could be mapped to the binding subject 
and the binding object, respectively, and the RDF predicate may correspond to the binding 
tags, there is no property in the RDF triple corresponding to the binding identifier which 
is explicitly defined in the binding data model.
If the binding identifier is unnecessary, it can be removed then we have a perfect map­
ping. But is it removable? Let us drill down to the semantic level. The RDF data model is 
RDF-subject-oriented. An RDF triple gives a statement of a binary relationship from the 
subject pointing to the object, which is one-way direction. In contrast, the binding data 
model is binding-oriented. A binding defines the association relationship of the subject 
and the object, which is two-way direction. Defining a binding requires at least two RDF 
statements. For example, the RDF statements for a binding b of dataset d\ and metadata 
m\ could be:
More comprehensive descriptions for binding b will create the following RDF statements:
A binding is not an atomic RDF statement. In RDF, a binding identifier is useful to 
reference a binding relationship which is defined by multiple RDF statements (triples). 
This implies the first constraint-rule in the constraint box:
Constraint Rule 1: A binding relationship is globally identifiable.
Figure 8.2: RDF Data Model
< Sub ject > < Predicate > < Object >
d\ is jJe scribed Joy ni\
m\ describes d\
< Subject > < Predicate > < Object >
b hasjxsub ject d\
b has m  .object m\
b is .created-by Alison
b has-creationJime 2010-12-11
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A binding identifier is assigned to a group of inter-connected RDF nodes, and a binding 
pattern can be identified. Figure 8.3 shows an example. The left graph depicts an RDF 
graph where binding relationships have no special structures, while in the right graph a 
binding can be easily identified by assigning a binding identifier node. To assign identi­
fiers to binding RDF triples is also useful for parallelisation processes when dealing with 
scalability. For example, it would then be easy to break the RDF binding records and 
partition them onto distributed nodes of a Cloud [Cast 09].
Figure 8.3: Identify binding patterns from an inter-connected RDF graph
A binding identifier differs from a rdf:ID specified by RDF/XML syntax. The rdf:ID at­
tribute on an RDF node element can be used instead of rdfiabout and gives a relative RDF 
URI reference. Each rdf:lD attribute value pair against in-scope base URI (xml:base) is 
checked to be unique within a single RDF/XML document. For example, if ref:ID=“name”, 
the value “name” can only appear once in the scope of an xmkbase value or document. 
However, rdf:ID can not check the uniqueness beyond the scope of one RDF/XML docu­
ment, neither can be an identifier of a group of RDF triples.
Discussions of various approaches to getting IDs for (a group of) RDF triples have 
been taking place in the Semantic Web and RDF communities, including the proposal of 
Named Graphs. Named Graphs is the approach that has multiple RDF graphs in a sin­
gle document/repository and naming them with URIs2. The Named Graphs vocabulary 
RDFG is provided to describe graphs and relations between graphs. The technology pro­
viding serialisation for the Named Graphs in known as TriX (Triples in XML) and TriG 
(a plain text format for serialising Named Graphs alternative to the XML-based TriX syn­
tax) [Carr 03, Carr 05]. The binding approach and the Named Graphs share similar views 
regarding identification of a group of RDF statements. However, using Named Graphs 
to represent bindings, further constraints would be needed to ensure that every triple in a 
Named Graph, that was needed to describe the binding in full was reachable and uniquely 
defined as being part of this binding.
2Named Graphs: http://www.w3.org/2004/03/trix/
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8.3 Comparison of Binding Expression
Let us look at how to express bindings in RDF. A typical binding supported by a binding 
service can be, b:
Binding Id: 73b2a&ee - dd!6 -Aleb- 962c - 08/540/313d 
Binding Subject: http: //www.dgemap.org/images/embryo029.png
Binding Object: http: //www.dgemap.org/annotation/querylembryoId = 029;disorder = yes 
Binding Tags: ‘embryo’, ‘annotation’, ‘creationtime: 2010 - 03-10’
An RDF graph representation of ¿> is given in the top graph of Figure 8.4. Following 
the discussion in the previous subsection, the Binding Id is introduced as an individual 
RDF node in addition to the Binding Subject node and the Binding Object node. In the 
given example, the three nodes are represented by RDF URI references, while the URI 
of the Binding Subject pointing to a biological image, the URI of the Binding Object 
containing query fragment referring to a set of tuples in a relational database, and the 
URI of the Binding Id is used to locate the binding in a pre-defined XML namespace. 
For simplicity, the Binding Tags are represented as RDF plain literals, and left ungrouped 
without using RDF bags, sequences or lists. Finally, the binding property names, ‘subject’, 
‘object’, and ‘tag’, are specified as XML Qualified Names (QNames, a type of CURIE). 
The RDF/XML syntax and the underlying triples in Notation3 (N3) formats3 are also 
given in the Figure 8.44.
To provide useful tagging facilities, the RDF expression for representing key/value 
pair tags is examined. Depicted by Figure 8.5, to express a key/value pair tag, ‘creation- 
time’=‘2011/05/10’, an RDF blank node is introduced to link the key, ‘creationtime’, with 
the typed value, ‘2010/02/10’. Both ‘creationtime’ and ‘2011/05/10’ are represented as 
RDF literal nodes.
These examples show one way in which to map the binding representation onto the 
RDF data model without losing binding capabilities. What has been understood is that 
bindings can be fully expressed in RDF by introducing appropriate structures, i.e., defin­
ing the binding pattern, adding namespaces, and specifying data types. In other words, 
binding representation adds a structured layer on top of the RDF data model. This implies 
the second constraint-rule in the constraint box:
Constraint Rule 2: A binding can be viewed as a structured RDF graph.
3Notation3 is a shorthand non-XML serialisation of RDF, which is much more compact and readable than 
XML RDF notation.
Validated by W3C RDF validator: http://www.w3.org/RDF/Validator/
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An RDF graph for the sample binding:
annotation
h t t p : / / w w w . b i n d i n g s t o r e . O r g / b i n d i r s g r e p r e s e n t a t o n # t a g
embryo
http://www.bindingstore.org/bindingrep'eseniation#tag y j j http://www.bind:ngsto'e.org/bindingrepresen.tation#tag
— http://wvAv.b:ndingstore.org/bindings/ '—
_  / 3 b 2 a 8 e e - c d  7 6 - 4 7 e b - 9 6 2 c - 0 8 f i> 4 3 0 f 3 l  3 d
http://www.bindingsiore.Org/bindingrepresentation#subject \ \http://www.bindingstore.Org/bindingrepresentatiors#object
 _  embryold=029;disorder=yes___













The underlying RDF triples in N3 formats are below. Note each triple is broken into 
three lines, representing the subject, the predicate and the object, respectively.


















Figure 8.4: An RDF graph of the sample binding, the RDF/XML expression and the under­
lying triples.
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An RDF graph for a key/value pair binding:
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Figure 8.5: The RDF graph and RDF/XML expression for the sample binding containing a 
key/value pair tag.
The structured binding RDF records could become useful in a variety of computations, 
such as validation processes (e.g. to support binding identification and validation within 
RDF graphs), statistical analysis (e.g. to support aggregation calculations), and distributed 
computing (e.g. to partition bindings onto distributed storage). For example, SPARQL 
is an RDF query language that performs RDF triple matching, but it does not support 
aggregation functions, such as average and maximum value calculation [Pahl 08], Such 
statistical facilities have to be resolved at the data structure level. Solutions provided by the 
Semantic Web communities include the RDF Data Cube vocabulary5 and the Vocabulary
5The RDF Data Cube: http://publishing-statistical-data.googlecode.com/svn/trunk/specs/src/main/html/cube.htmI
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of Interlinked Dataset (voiD)6. The RDF Data Cube vocabulary is an extension of existing 
RDF vocabularies, including SKOS7, SCOVO8, vioD, FOAF9 and Dublin Core10. The 
RDF Data Cube vocabulary supports multi-dimensional data on the web, and enables the 
Linked Data applications to publish various aspects of statistical data. The vioD provides a 
vocabulary and a set of instructions that enables the discovery and usage of linked datasets. 
Being given a structure, a binding RDF record is able to include above vocabularies to hold 
the aggregated values of the corresponding binding resource, which allows a Linked-Data- 
based binding service to compute these values and perform (binding-based) statistical 
analysis.
8.4 Comparison of Data Storage Mechanism
This section examines how information is stored by the two approaches. The design of 
binding service in Chapter 5 did not specify the storage mechanism. However, a relational 
database interface has been provided by the prototype implementation. On the other hand, 
the Linked Data approach in general assumes RDF store and SPARQL query methods 
(refer to the third Linked Data principle). In the following, we compare the computational 
facilities provided by the relational binding database and by a Linked Data realisation of 
a binding RDF store.
The binding service database schema has been given in Chapter 5 (Figure 5.6). Fig­
ure 8.6 shows sample records and illustrates how bindings are stored in the database tables.
BindingTable
TagTable
BT blndlngID BTC subject BT object
1302a8ee-dd76-47e0-962C-08t540f3133 http:/Mww.dgemap .orgy images/embryo030.prbg nttp̂/ViWvv. agemap.org/annoTation/ query?embryoia=030
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Recall in the binding service, storing a binding is through the binding creation operation: 
=>■ CreateBinding ( binding Jd: UUID, ref sub: URI, ref-obj\ URI, tags'. string[])
An execution of the operation triggers a series of transactions in a relational database:
[1] insert a tuple, {b in d in g _ id, re f_ su b , r c £ _ o b j), into the BiDd ingTable-,
[2] Tokenise the binding tags, and insert new appearing tags into the ragrabie;
[3] For each single tag, insert a tuple, (binding_ld, tag_ld}, into the 
3m dingTagTab lc-, where the b in d in g _ Id and the tag _ ld are Foreign keys of the 
Bindingrabie and the TagTable, respectively;
[4] For each key/value pair tag, insert a tuple, {b in d in g _ ld , tag_ lD , la g _ v a lu c } , into 
the Binding_(datatype)_xey7alijePairragrable, again, the b in d in g _ ld and the ta g _ ld  
are foreign keys of the corresponding tables.
The functionality of binding creation can be simulated by using the Linked Data tech­
nology. Illustrated by Figure 8.7, the bindings are kept as RDF triples in an RDF-triple 
store, typically a relational database. (An alternative method is to store the bindings in 
RDF/XML files. The RDF triple store is used as it has more comparative features.)
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Figure 8.7: The Storage Mechanism of an RDF Binding Store
While the bindings can be managed by the RDF triple store, their dependent infor­
mation - the namespaces BindinglDs, Tags, BindingAttributes, and RDF schemas, are 
stored separately, typically in web accessible file systems. Referencing these namespaces 
is through HTTR Given this mechanism, a binding creation operation would involve the 
following actions:
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[1] Update the namespace, B in d in g lD s , and insert the b in d in g _ ld ;
¡2] Tokenise the binding tags, update the namespace Tags, and insert the new appearing 
tags;
[3] Insert a set of triples into the binding RD F Triple Store. For the given example, 
the triple set are: { { b in d in _ ld , r d f ; t y p e ,  id ) ,  { id ,  b in d in g : s u b je c t ,  r c f_ s u b ) ,  
{id, b in d in g : o b je c t ,  r e f_ o b j) ,  { id ,  b in d in g ita g ,  ta g :) , . . . ,  { id ,  b in d in g :  tag , 
b la n k_nod e i) , {b lank_nodc:, b in d in g :k c y , tagr.-:), {b land_nodc:, b in d in g : v a lu e , 
tag_valuer^ :),
In a Linked-Data-based binding system, bindings and their dependent knowledge are 
loosely coupled. Contrariwise, the binding service built on top of a relational database 
system can reliably sustain the consistency of bindings and their dependent knowledge 
through transaction controls. Transaction control is one of the important facilities pro­
vided by relational database products, which maintains the persistent states of the system, 
ensures the software can handle unexpected failures, and supports concurrent processes. 
Lacking of such transaction management, a Linked-Data-based binding system is easily 
left to be inconsistent. For example, the updates of a binding tag may fail to be propagated 
to the namespace, and vice-versa. A binding store should provide consistent binding in­
formation, and need to obey the following rule:
Constraint Rule 3. A binding store is a transaction-based system.
8.5 Comparison of Searching Capabilities
A group of discovery operations have been specified by the binding service, and the real­
isation has been provided by the prototype which exposes a relational database interface 
using SQL language for queries. In a Linked-Data-based binding system, the look-up 
functions will be provided through SPARQL queries. To compare the capabilities of SQL 
and SPARQL in supporting binding requirements, a set of queries are examined. Ac­
cording to Gray’s Law [Gray 07], 20 queries would be broad enough to cover the most 
important questions the researchers wanted the data system to answer. This work uses 
fewer queries, but characteristic queries, such as point queries, range queries, and null 
queries, are included.
The binding RDF records for performing SPARQL queries are given in Appendix A, 
which use the expressions shown in Figure 8.4 and 8.5. The same information is created 
in a testing binding database for performing SQL queries. A sample binding record has 
been given in Figure 8.6. In the following, we examine the query expressions and query 
results of the two languages against the same enquires.
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Q1: “Give me the bindings linking to the metadata, m\.” This query is useful when 
obtaining all data resources or binding annotations related to a specific metadata resource. 
In the binding service, this is achieved by operation:
=>- GetBindingsByObject (ref-obj: URI)
Suppose m\ is 'http://www.dgemap.org/ annotations/query?embryold=030', and a SQL 
query can be constructed as follows: 11:
1 SELECT BT_bindingID AS b in d ing ld
2 FROM BindingTable
3 WHERE BT_ob ject  = ' h t t p : //www.dgemap. org/annotations/query?embryold=030/;
A SPARQL statement to get bindings having object m\ is:
1 PREFIX b ind ing :  <h t tp ://w ww .b ind ings to re .O rg/b ind ingrepresen ta t ion#>
2 SELECT ?b ind ing ld
3 FROM <b in d ing . rd f>
4 WHERE {?b in d in g ld  b in d in g : o b je c t  <http://www.dgemap.org/annotations/query?embryold=030> . }
The two expressions present similar structures: both use SELECT clause for data projection, 
FROM clause to indicate the query scope, and WHERE clause for query criterion. Differently, 
the SQL WHERE syntax is:
WHERE column-name operator value ; 
while the SPARQL WHERE provides basic graph pattern to match against RDF data graph: 
WHERE subject predicate object .
The two queries give the same results12:
bindingld
13b2a8ee-dd76-47eb-962c-08£5430£313a
Q2: “Get all images not yet annotated.” By definition, the binding objects are allowed 
to be empty. The second query looks at how to search for a binding without an object. 
The SQL statement for the question is:
1 SELECT BT_bindingID AS b in d ing ld
2 FROM BindingTable
3 WHERE BT_ob ject  IS NULL;
11 We only project binding identifiers in this query for clarity.
I2The SQL queries are processed by MySQL database v6.0. The SPARQL queries are processed by Twin­
kle: http://www.ldodds.com/projects/twinkle/.
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The SPARQL statement follows:
1 PREFIX b ind ing :  <h t tp ://w ww .b ind ings to re .O rg/b ind ingrepresen ta t ion#>
2 SELECT ?b ind ing ld
3 FROM <b in d ing .rd f>
4 WHERE {?b in d in g ld  b in d in g : o b je c t  w . }
Note, in SPARQL, an empty string can be used for searching the Null values. In SQL, 
Null values are normally treated differently from other values. Null is defined by ISO 
SQL standard13 as different from an empty string and the numerical value 0, and special 
operators, IS NULL and IS NOT NULL, are provided for testing whether data is, or is not, 
Null.
Nevertheless, both queries give the correct answers and retrieve the bindings having 
no metadata associated11,12:
b i n d i n g l d
53b2a8ee-dd76-47cb-962c-08f5430f313a
Q3: “Which bindings link to the data resource d\." This query is useful when obtaining 
all bindings and metadata related to a data resource of interest. The related operation 
specified by the binding service is:
=> GetBlndingsBySubject {ref sub: URI)
Suppose d\ is given as 'http://www.dgemap.org/images/embryo030.png'. A SQL query 
to get the bindings associated with d\ is:
1 SELECT BT_bindingID AS b in d in g ld
2 FROM BindingTable
3 WHERE BT_subject = ' http://www.dgemap.org/images/embryo030.png';
An equivalent SPARQL query is:
1 PREFIX b ind ing :  <h t tp ://w ww .b ind ings to re .O rg/b ind ingrepresen ta t ion#>
2 SELECT ?b ind ing ld
3 FROM <b in d ing . rd f>
4 WHERE {?b in d in g ld  b in d in g : sub ject  <http://www.dgemap.org/images/embryo030.png> . }
Both queries match two bindings11,12 referring to the same data source:
b i n d i n g l d
13b2a8ee-dd76-47eb-962c-08f5430f313a 
43b2a8cc-dd76-47eb-962c-08f54301313d
More comprehensive information can be retrieved from the binding collection by querying 
binding tags.
13ISO/IEC (2003). ISO/IEC 9075-2:2003, ”SQL/Foundation”. ISO/IEC. Section 8.7: null predicate.
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In the binding service, an API is specified:
=► GetBindingsByTags( tags: string[])
The API handles single tag query (including wildcard match), a list of tags query, key/value 
pair tag query, and range value query. Implementations of more sophisticated query capa­
bilities, such as approximated query based on similarity measures, and top-k query based 
on possibility algorithms, can be exposed through this API. In the following, we examine 
tag related queries.
Q4: “Get all bindings related to embryo.” This is a single-tag query, and the SQL query 
string is as follows:
1 SELECT b.BT_bindingID AS b in d in g ld ,  t .T T _ ta g  AS tag
2 FROM BindingTable b, B indingTagTable  b t ,  TagTable t
3 WHERE b.BT_bindingID = bt.BTT_bindingID
4 && bt .BTT_tagID  = t .TT _ tag ID
5 && t .T T _ ta g  LIKE '%embryo%';
The SPARQL query string is:
1 PREFIX b ind ing :  <h t tp ://w ww .b ind ings to re .O rg/b ind ingrepresen ta t ion#>
2 SELECT ?b ind ing ld  ?tag
3 FROM <b in d ing . rd f>
4 WHERE{ ?b ind ing ld  b in d in g : ta g  ?tag.
5 FILTER regex ( s t r  ( ? t a g ) , "embryo")
6 }
In SPARQL, strings are considered to match the pattern if any substring matches the pat­
tern, which is analogous to the wildcard-match in SQL languages. In the SQL statement 
we use the wildcard '%' to achieve the same results12:
b i n d i n g l d t a g
1 3 b 2 a 8 c e - d d 7 6 - 4 7 c b - 9 6 2 c - 0 8 £ 5 4 3 0 £ 3 1 3 a e m b r y o
7 3 b 2 a 8 c e - d d 7 6 - 4 7 e b ~ 9 6 2 c - 0 8 £ 5 4 3 0 £ 3 1 3 d I S e m b r y o 0 2 9
Both queries give two solutions. The second binding is retrieved since the tag TSembryo029’ 
contains the substring ‘embryo’, which is regarded as matched string in SPARQL. In the 
case an exact match is required, a special symbol, *$’, should be attached at the end of 
the string to be matched14. For example, in the given query, ‘embryo $’ shall be use in the 
SPARQL statement, which would give the first binding only.
Q5: “Are there any imagines related to disordered embryo, annotated by HDBR? 
An embryo head is sufficient.” This maps to a tag-list query. Suppose a user-input tag- 
list: {‘disordered’, ‘embryo’, ‘head’, ‘annotated by HDBR”}. In the binding service,
14Different SPARQL parsing tool may specify this differently.
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the operation GetBindingByTags() returns bindings containing any of tags in the tag-list, 
which in essence assumes logic-OR between the specified tags. A Logic-AND tag-list 
query can be achieved by taking the intersection of the datasets returned from two or more 
GetBindingByTags(). There are no restrictions that Logic-AND couldn’t be implemented 
by GetBindingByTags(). To do so, the Logic-OR query can be similarly implemented by 
taking the union of the datasets obtained from two or more GetBindingByTags().
Here, we assume Logic-OR between the tags, and construct the following query state­
ments. A Logic-AND query can be easily constructed, but is omitted here.
The SQL statement is:
1 SELECT b.BT_bindingID AS b in d in g ld ,  t .T T _ ta g  AS tag
2 FROM BindingTable b, B indingTagTable  b t ,  TagTable t
3 WHERE b.BT_bindingID = bt  .BTT_bindingID
4 SS bt .BTT_tagID  = t .TT _ tag ID
5 && ( t .T T _ ta g  LIKE '%disordered%' ] |
6 t . TT_tag LIKE '%embryo%' ||
7 t .T T _ ta g  LIKE '%head%' I I
8 t . TT_tag LIKE ' lanno ta ted  by HDBR%')
9 ORDER BY b in d in g ld ;
And the SPARQL string for the intended query is:
PREFIX b ind ing :  chttp :// www .b in d in g s to r e . org/b ind ingrepresen tation#>
SELECT ?b ind ing ld  ?tag
FROM <b in d ing . rd f>
WHERE (? b in d in g ld  b in d in g : ta g  ?tag.
FILTER ( r e g e x ( s t r ( ? t a g ) , "d is o rd e r ed " )  |I
r e g e x ( s t r ( ? t a g ) , "embryo") I I
r e g e x ( s t r ( ? t a g ) , "head") ||
regex ( s t r ( ? t a g ) ,
i
"annotated by HDBR"))
ORDER BY Ybind ing ld
Note, SPARQL provides FILTER operation to test strings, based on regular expressions, 
which is analogous to the LIKE style tests in SQL. The ORDER BY (and distinct) clause 
is also supported in SPARQL, as the results shown below12, which provides the same 
functionality as that in SQL.
bindingld tag
1 3 b 2 a 8 e e -d d 7 6 -4 7 e b -9 6 2 c -0 8 f5 4 3 0 f3 1 3 a a n n o t a t e d  by HD3R
13b2a8ee-dd7  6 -4 7 e b -9 6 2 c -0 8 f5 4 3 0 £ 3 1 3 a embryo
1 3 b 2 a 8 ee -d d 7 6 -4 7 eb ~ 9 6 2 c -0 8 f5 4 3 0 f3 1 3 a head
4 3 b 2 a8 ee -d d7 6 -4  7 c b -9 6 2 c -0 8 f5 4 3 0 f3 1 3 d d i s o r d e r e d
7 3 b 2 a 8 e e -d d 7 6 -4 7 e b -9 6 2 c -0 8 i54301313d IS en b ryo0 2 9
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Q6: “Give all bindings created by Alison.” This is an example of the key/value-pair tag 
query. A SQL interpretation of this question is:
1 SELECT b .BT_bindingID AS b in d in g ld ,  t . T T _ ta g  AS key, bs t .B STT_s tr ing_va lu e  AS va lue
2 FROM BindingTable b, B inding_Str ingType_KeyValuePairTagTable  bs t ,  TagTable t
3 WHERE b.BT_bindingID = b s t . BSTT_bindingID
4 SS bst.BSTT_tagID = t .TT _ ta g ID
5 SS bs t .B STT_s t r in g_va lu e  = 'A l i s o n ' ;
Recall in the binding database (the relations schema in Figure 5.6), key/value pair tags 
are treated differently from single-word tags and stored in separate tables. In this query, 
Binding_StringType_KeyValuePairTagTable is included for looking up the user, ‘Alison’. 
The query retrieves the following binding12:
b i n d i n g l d k e y v a l u e
13b2a8ce-dd?6-47cb-962c-08f5430f313a user Alison
The SPARQL interpretation of the question follows:
1 PREFIX b ind ing ;  <h t tp ://w ww .b ind ings to re .O rg/b ind ingrepresen ta t ion#>
2 PREFIX r d f : < http ://www.w3.org/1999/02/22-rdf-syntax-ns#>
3 SELECT ?b ind ing ld  ?key l v a lu e
4 FROM < b in d in g . rd f>
5 WHERE ( I b in d in g ld  b in d in g : ta g  ?tag.
6 ?tag b in d ing :key  Ikey;
7 b in d ing :va lu e  l va lu e .
8 FILTER regex  ( l v a lu e ,  "A l is onS " )
9 }
In the RDF binding representation, key/value pair tags also need special treatments. Recall 
in Figure 8.5, blank nodes are used to express key/value pair tags. The graph pattern to 
match such bindings are given as:
Ib in d in g ld  b in d in g : ta g  I t a g .
I t a g  b ind ing :key  Ikey;
binding rvalue l va lu e .
The query returns the same set of bindings yet in a slightly different form12:
b i n d i n g l d k e y v a l u e
13b2a8ee-dd76-47eb-962c-08i5430£3i3a user Alison“ “http: //vwv. w3 ,org/2001/XKLSchena)ifstring
Here, ‘Alison" “http: //www. w3. org/2001/XMLSchema#st ring’ is an RDF typed literal with 
the datatype ‘http://www.w3.Org/2001/XMLSchema#string’.
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Q7: “Get all images after 2010-02-10.” This is an attempt of a range query.
The SQL statement is:
1 SELECT b.BT_bindingID AS b in d in g ld ,  t .T T _ ta g  AS key, bdt,BDTT_date_value AS va lue
2 FROM BindingTable b, Binding_DateType_KeyValuePairTagTable bdt, TagTable t
3 WHERE b.BT_bindingID = bdt.BDTT_bindinglD
4 SS bdt.BDTT_tagID = t .TT _ ta g ID
5 &S b d t .BDTT_date_value > '2010-02-10 ';
This time, Binding.DateType_KeyValuePairTagTable is included to look up date values. 





The equivalent SPARQL query is constructed as follows:
PREFIX b in d in g : <h t t p : //www.bindingstore. o rg/b ind ingrepresen ta t ion#> 
PREFIX r d f : <h t t p : //www.w3. org/1999/02/22-rdf-syntax-ns#>
PREFIX xsd :<http://www.w3. org/2001/XMLSchema#>
PREFIX : <h t tp ://w ww .b ind ings to re .o rg/ tags/>
SELECT ?b ind ing ld  ?key ?value 
FROM <b in d ing .rd f>
WHERE {?b in d in g ld  b in d ingr tag  ?tag.
? tag b in d ing :key  ?key;
b in d in g :va lu e  ?va lue .
FILTER ( isB la n k (? tag )  &&
r e g e x  ( s t r  ( ? k e y ) , " c r e a t i o n t i m e " )  && 
x s d : d a t e ( ? v a l u e ) > " 2 0 1 0 - 0 2 - 1 0 " ' “ x s d : d a t e )
}
ORDER BY ?b ind ing ld





As illustrated by Figure 8.8, SPARQL applies Cartesian product of the two sets on the 
shared entity, when matching multiple query graph patterns. This process is analogous to 
the Inner-Join statement in SQL language. In this example, the first triple pattern in the 
WHERE clause,
WHERE { ?b ind ing ld  b in d in g i ta g  ? tag .  FILTER ( i s B la n k ( ? t a g ) ) )
retrieves the RDF graphs that describe: “a bindings has a tag which is a blank node”. The 
second triple pattern:
WHERE { ? tag b in d ing :key  ?key; b in d ing :va lu e  ?va lue.
FILTER r e g e x ( s t r ( ? k e y ) , " c r e a t io n t im e " )  && x s d :d a t e ( ? v a lu e )> "201 0 -0 2 -10 " '~xsd:date)  }
retrieves the RDF graphs that describe: “the key of a tag is ‘creationtime’ and the value 
of that tag greater than ‘2010-02-10’ ”. Thereafter, two sets of RDF graphs are joined
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to produce the final results. Apart from the Inner-Join, the semantics of SQL Left outer- 
Join and Right outer-Join are captured by SPARQL OPTIONAL and UNION operations, 
respectively15.
P a t t e r n  1 P a t t e r n  2  R e s u l t s
WHERE {Tbindingld binding:tag ?tag. WHERE {?tag binding icy ?kcy:
FILTER isBlank(Ttag)} binding:value lvalue.
FILTER (rcgcxfslrPkcy), "crcationtirac") &&
xsd:datt(?valuc)>’20IO 02 10"AAxsd:datc)}
Figure 8.8: SPARQL multiple pattern matching is analogous to Inner-Join of SQL
In above queries, we have compared the two language in supporting various string re­
lated queries. Next, we examine the capabilities of the two query language in supporting 
statistical calculation and analysis.
Q8: “How many bindings has each user made in the last week?”. For this question, a 
query should select the bindings made in the specified time duration, group them by the 
name of users, and count the numbers of members for each group. A SQL statement for 















SELECT t .T T _ ta g  AS key, bs t .BSTT_s tr ing_va lue  AS va lue,  COUNT(b. BT_bindingID) AS number 
FROM BindingTable b, TagTable t ,  B inding_Str ingType_KeyValuePairTagTable  bst 
WHERE b .BT_bindingID = b s t .BSTT_bindingID 
&& b s t . BSTT_tagID = t .TT _ tag ID  
&& t .T T _ ta g  = 'u s e r 7 
&& b.BT_bindingID IN
(SELECT b . BT_bindingID
FROM BindingTable  b, TagTable t ,  Binding_DataType_KeyValuePairTagTable bdt 
WHERE b . BT_bindingID = b d t . BDTT_bindingID 
&& b d t .BDTT_tagID = t .TT_ tag ID  
&& bdt.BDTT_date_value > '2010-02-14'
&& b d t . BDTT_date_value < '2010_02—22'
)
GROUP BY bs t .BSTT_s tr ing_va lu e ;
2010-02-21
15SPARQL Language for RDF, http://www.w3.org/TR/rdf-sparql-query, retrieved on May 25, 2011.
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The query joins BindingTable, TagTable and Binding_StringType_KeyValuePairTagTable to 
look up the user information, then group bindings by different users, and count the number 
in each group. An embedded SELECT statement (in the WHERE clause) includes the Bind- 
ing_DateType_Key ValuePairTagTable to look up the date information, so as to ensure that 
the bindings retrieved are created in the specified time period. The SQL query, though 
complicate, is able to give the answer:
k e y v a l u e n u m b e r
u s e r A l i s o n 1
In the case of SPARQL, the following expression is desirable:
SELECT COUNT(?bindingld)
FROM <b in d ing .rd f>
WHERE { {? b in d in g ld  b in d in g : ta g ?tag_0 .
?tag_0 b in d ing :key " c r ea t io n t im e "  .
?tag_0 b inding  rvalue ? v a lu e .
FILTER ( (?va lue > "2010-02-14"A"xsd date )  &&
(?va lue < "2010-02-22 "*"xsd d a t e ) ) }
{ ?b ind ing ld  b in d ingr tag ? t a g _ l .
? ta g _ l  b indingrkey " u s e r " .
\
? ta g _ l  b inding  rvalue ?user. }
GROUP BY ?user .
However, aggregation calculation (COUNT/AVERAGE/SUM/MAX/MIN) and associated 
machinery (GROUP BY, HAVING) are absent from W3C SPARQL specification15. Sev­
eral implementations exist that would support such SPARQL queries even though they 
are outside the standard. Examples are: ARQ16, ARC17, and OpenLink Virtuoso18; they 
provide only limited aggregation capabilities. The features offered by different products 
are varied.
Q9: “How many times is each tag used?” This query asks about the tag frequency 
distribution.
The binding database table, TagTable, defines a field TT.stat to hold the tag frequency 
information. Therefore, a SQL answer for the question is straightforward, which simply 
retrieves the field value of TT_stat:
1 SELECT t .T T _ ta g  AS tag ,  t . T T _ s t a t  AS number
2 FROME TagTable t ;
16ARQ, A SPARQL Processor for Jena: http://jena.sourceforge.net/ARQ/
nARC, Stand-alone SPARQL Parser: http://arc.semsol.org/
18 OpenLink Virtuoso, commercial data server products, supporting RDF, SPARQL, and Linked Data pro­
cesses: http://virtuoso.openlinksw.com/
However, even without TT.stat field, the question can still be answered by a SQL state­
ment:
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SELECT tag ,  COUNT(bindings) AS frequency FROM
((SELECT t .T T _ ta g  AS tag ,  bt.BT_b ind ing ID  AS bindings
FROM TagTable t ,  B indingTagTable bt
WHERE t . TT_tagID = bt .BT_tagID  
UNION ALL
(SELECT t .T T _ ta g  AS tag ,  bdt.BT_bindingID  AS bindings
FROM TagTable t ,  B inding_DateType_KeyValuePairTagTable bdt
WHERE t . TT_tagID = b d t . BDTT_tagID 
UNION ALL
(SELECT t .T T _ ta g  AS tag ,  b s t .BT_bindingID AS bindings
FROM TagTable t ,  B inding_Str ingType_KeyValuePairTagTable  bst,
WHERE t . TT_tagID = bs t .B STT _ tag ID ) ) 
x GROUP BY tag ;
which obtains the following results:
t a g f r e q u e n c y
I s e m b r y o 0 2 9 1
d i s r o d e r e d 1
e m b r y o 1
a n n o t a t e d  b y  H D 3 R 1
h e a d 1
c r e a t i o n t i m e 4
u s e r 2
The query involves two processes: a) get all binding-tag pairs (from BindingTag tables and 
all Binding_(datatype)_KeyValuePairTagTables), and b) group them by tags and output the 
number of bindings in each group, that is the frequency of tag being used. A SPARQL 








SELECT ?tag_0 COUNT( ?b ind ing ld )
FROM <b in d ing .rd f>
WHERE { ( ?b ind ing ld  b in d in g : ta g ?tag_0 .
FILTER ( ! I sB la n k ( ?tag_) ) )
UNION ( ?b ind ing ld  b in d in g : ta g ?tag .
?tag b indingrkey ?tag_0 . ) )
GROUP BY ?tag_0
Process a) can be achieved: the query uses union to include both selections of binding- 
tag pairs and binding-key/value-tags pairs, which gives the following binding-tag pair set. 
However, without the supports of aggregation function, process b) cannot be performed.
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b i n d i n g l d t a g











Q10: “How many tags are used by each binding.” This is another frequently used query 
which attempts to obtain the tag length distribution. A similar SQL query can be con­
structed as follows:
SELECT binding ,  COUNT(tag) AS ta g _ len g th  FROM
((SELECT bt .BT_bind ingID  AS b inding ,  t .T T _ ta g  AS tag  
FROM TagTable t ,  BindingTagTable  bt 
WHERE t . TT_tagID = bt .BT_tag ID  )
UNION ALL
(SELECT bdt.BDTT_bindingID AS b inding ,  t .T T _ ta g  AS tag
FROM TagTable t ,  B inding_DateType_KeyValuePairTagTable bdt 
WHERE t . TT_tagID = b d t . BDTT_tagID )
UNION ALL
(SELECT bst.BSTT_bindingID AS binding ,  t .T T _ ta g  AS tag
FROM TagTable t ,  B inding_Str ingType_KeyValuePairTagTable  bs t ,  
WHERE t . TT_tagID = b s t . BSTT_tagID ) )  
x GROUP BY b inding;
Similarly, the query firstly gathers all binding-tag pairs (from BindingTag tables and all 
Binding_(datatype)_KeyValuePairTagTables), and then groups them by bindings, and count 
the number of tags in each group, which is the tag length for each binding. The results are 
given below:





If GROUP BY and COUNT function could be supported, a SPARQL query would be as follows:
SELECT ?b ind ing ld  COUNT(?tag_0)
FROM <b in d ing . rd f>
WHERE { ( ?b ind ing ld  b in d in g : ta g ?tag_0 .
FILTER ( ! I s B la n k (? t a g _ 0 ) ) }
UNION { ?b ind ing ld  b in d in g : ta g ?tag .
\
?tag b ind ing :key ?tag_0 . }
I
GROUP BY ?bind ing ld
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Q11: “How many bindings are there with n tags for all To achieve this, an algorithm 
would involve three steps: a) retrieves all binding-tag pairs, which obtains dataset sq; b) 
groups by bindings and count number of tags for each binding, which obtains dataset S2\ 
and c) group S2 by tag-length and count the number of bindings for each distinguished tag 
number. SQL is able to handle this enquiry by adding another layer of GROUP BY clause, 
and the query statement is constructed below:
SELECT COUNT(binding), ta g _ len g th  FROM
(SELECT b ind ing ,  COUNT(tag) AS t a g _ len g th  FROM
((SELECT bt.BT_bind ingID  AS b ind ing ,  t .T T _ ta g  AS tag  
FROM TagTable t ,  B indingTagTable  bt  
WHERE t . TT_tagID = b t .BT_tag ID  )
UNION ALL
(SELECT bdt.BDTT_bindingID AS b ind ing ,  t .T T _ ta g  AS tag
FROM TagTable t ,  B inding_DateType_KeyValuePairTagTable bdt 
WHERE t . TT_tagID = bdt.BDTT_tagID )
UNION ALL
(SELECT bst,BSTT_bindingID AS binding ,  t .T T _ ta g  AS tag
FROM TagTable t ,  B inding_Str ingType_KeyValuePairTagTable  bs t ,  
WHERE t . TT_tagID = bst.BSTT_tagID ) )  
x GROUP BY b ind ing ;  ) 
x GROUP BY tag_ len g th
That is, an additional aggregation calculation is applied to the result datasets of query Q10, 
which gives the answer:





However, a single SPARQL query would be insufficient for the task. It would be useful 
for SPARQL to provide pipe operations which deliver the outputs of the first query as the 
input for a second query.
The pressure to extend the language is evident. The SPARQL Extension Working 
Group19 (and some other groups) have identified a list of requirements for extension, in­
cluding but not limited to:
► To provide INSERT, UPDATE, DELETE operations;
► To provide aggregation functions and the associated machinery;
► To provide sub-query which allows adding SELECT statements within WHERE;
► To provide user defined functions;
► To provide functions of finding and matching structured paths of arbitrary lengths 
between RDF nodes;
► To provide federated query, approaches to federating SPARQL end-points.
19http://esw.w3.org/topic/SPARQL/Extensions lists all proposed topics. Retrieved on March 2010.
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Despite the fact that improvements efforts are needed, it is undeniable that SPARQL 
is a potential powerful query language which provides simple pattern matching approach 
to navigating an RDF graph. Together with carefully constructed RDF graphs, SPARQL 
is capable of answering many (7 out of 11) desired binding inquires.
However, SPARQL seems unsuitable for intensive statistical calculations which would 
be essential for binding operations. Depending on characteristics of data and their poten­
tial usage, suitable data model and query language should be chosen. Regarding the simple 
representation of binding which results in a shallow RDF graph, there are no practical ad­
vantages to use the RDF data model, nor SPARQL for query, except that they are endorsed 
as W3C standards. SQL, which is designed for relational data model providing efficient 
filter and calculation facilities, seems still the ideal choice.
As a brief conclusion, the forth constraint is induced:
Constraint Rule 4: Binding query capabilities should be sufficient and efficient for bind­
ing enquires.
8.6 Comparison of Communication Capabilities




The implementation supports numerous network protocols, such as HTTP, FTP, and GridFTP, 
through OGSA-DAI service activities. The Linked Data Model mainly uses HTTP (and 
SOAP) transport protocol for dealing with SPARQL queries. In the case of scientific data, 
the requirements for data size, security, format and network performance are different, 
and can go beyond the capabilities of HTTP (and SOAP). For example, there are clear 
needs in e-Science to handle large-scale flat format of data [Kett 08]. Currently, there are 
active researches on using Hadoop/Cloud computing to parallelise SPARQL queries. In 
summary, the fifth constraint is given as:
Constraint Rule 5: Transport protocols should be able to support the requirements emerged 
in scientific data that enable secure, reliable and high performance data movement.
It is rather like an extension requirement for the Linked Data. It is regarded as a constraint- 
rule in the sense it restricts the quality and performance of data delivery to be higher level.
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8.7 Su m m a r y
This section developed a detailed comparison of the Linked Data approach with the bind­
ing service approach, and Table 8.1 provides a summary.
Table 8.1 : Summary of the Comparisons
The Linked Data Approach The Binding Service Approach
Data Structure < subject, predicate, object > < binding -id, ref sub, ref-ob j,tags >
Binding
Expression
Structured RDF graph < binding-id, ref sub, ref-ob j,tags >
Binding Storage Loosely-coupled information base Transaction-based information store
Search Support SPARQL query Support SQL query
Communication HTTP. No support for high-performance 
nor other types o f network protocols
Through OGSA-DAI interface which 
supports HTTP, FTP, GridFTP protocols
We have compared the data structure of the two approaches, and indicated that the 
binding data structure was different from the RDF data model. Importantly, binding de­
fines globally unique identifier makes it possible for supports of data integration and iden­
tification in distributed systems. For RDF records to have identifiable RDF triples, tech­
nology such as Named Graph should be applied. On the other hand, RDF is an expressive 
data model. By applying structures (defining binding patterns, adding namespaces and 
specifying data types), bindings can be expressed in RDF graphs.
We have compared data storage mechanism of an RDF binding store and a binding 
database, and indicated that the RDF binding store was not transaction-based. Transaction 
control maintains the persistent states of a storage system, supports concurrent processes 
and ensures unexpected failures can be handled. A lack of such transaction management 
can easily cause information inconsistency in a storage system.
We have compared the query capability of SQL (used by the binding service), and 
SPARQL (used by Linked Data approaches), and indicated that SQL was more suitable for 
scientific applications which require intensive statistical processes. SPARQL is a powerful 
language, however, extensions are needed to provide more desired functions.
Finally, we have compared the communication capabilities of the two approach. The 
Linked Data approach uses HTTP (and SOAP) protocols for dealing with SPARQL queries, 
while the prototype implementation of binding service exposes a OGSA-DAI interface 
which supports HTTP, FTP, and GridFTP. As the requirements of scientific applications 
for data scale, security, format and network performance could go beyond the capability of 
HTTP and (SOAP), reliable and high performance network protocols should be supported.
In conclusion, the binding approach is a different approach from the Linked Data 
model. The differences have been largely determined by the requirements comes from the 
computational contexts. The binding service is designed for managing scientific data and
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C h a p t e r  9
C o n c l u s i o n s  a n d  F u t u r e  W o r k
This chapter reviews the steps that have been taken to investigate the thesis hypothesis and 
the findings that result from the research. It also discusses aspects for improvements and 
areas for future explorations.
The chapter is organised in two sections: section 8.1 concludes the thesis; and section 
8.2 discusses the future work.
9 . 1  C o n c l u s i o n s  o f  t h e  T h e s i s
The goal of the thesis was to investigate the hypothesis that simple binding system, which 
stored and manipulated the binding representations between data and metadata was both 
feasible and useful, in combination with other services and tools, for serving the various 
types and scales of scientific data in a distributed computing context. We review the 
research processes to achieve this goal below.
The investigation began from an observation of the scientific data and metadata phe­
nomena. We have found that the scientific data (and metadata) presented two remarkable 
characteristics, 1) large in scale and 2) diverse in representation, introducing significant 
challenges for management. Although binding is a meaningful notion, its concept had 
not been well established in this context. To develop an understanding of bindings, we 
used a binding classification framework to examine five classes of metadata centric sci­
entific applications. We have found that binding management was an exploratory field 
with many and varied applications, and the widespread need to support the creation and 
use of bindings was clear. To identify binding related problems, we scoped the study 
into a typical domain application. The empirical analysis of the EurExpress system pro­
vided evidence that bindings were vulnerable to failures in the processes that created and 
maintained them, and to failures in the systems that stored their representation. Without 
effective management, the information inconsistency would grow and propagate widely.
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Consequently, the expensively generated data would lose their value, and the analysis and 
research based on them would be untrustworthy.
With an improved understanding of bindings, we have explored existing approaches 
and related technologies. Firstly, we reviewed the scientific applications dealing with 
data and metadata, and examined them from the binding point of view. We noted that 
most existing systems implemented the dependent binding management approach which 
co-located the metadata and/or data in centralised repository. In contrast, the OntoGrid 
system demonstrates the advantage of using the independent binding management ap­
proach, that independently managing bindings no longer requires data and/or metadata to 
be copied into a central server, and the information would be up-to-date with the original 
data sources. It also does not require co-operation from metadata and data owners, except 
for stability of references. In addition, it could list metadata and data held in multiple 
sources. Unfortunately, the OntoGrid approach was not a generic data-metadata man­
agement approach. The second area we have explored was data-reference approaches, 
because an independent binding model uses data-reference methods to reference data held 
in remote sources. Three state-of-the-art systems have been analysed. The conclusions 
were: 1) Web 2.0 mashup provides only basic data-reference functionality; 2) The iRODS 
did not support storage systems beyond its control (which was part of binding require­
ments); and 3) The Linked Data model addressed similar issues as the binding approach. 
Finally, we explored the related technologies that could be adopted to develop a binding 
system. We have found that tagging was an efficient and flexible annotation technology 
and suitable for large and heterogeneous data discovery, while the Cloud could provide 
simple solutions for system scalability.
Next, we used a formal model to capture the binding characteristics and manage­
ment requirements obtained from both observations of binding applications and analysis 
of the existing approaches. The formal model has established the formal foundation of the 
binding-oriented approach where bindings were the first-class citizens and had an exis­
tence independent of their associated data and metadata. The binding basic model defined 
the binding data structure and behavioural operations. Extending the basic model, we have 
defined the consistent binding model and formalised the binding inconsistency problems 
raised in the analysis of the EurExpress system.
Although the formal model has described system properties a binding system should 
comprise, it has left a number of challenges for design. In the design process, we proposed 
the computational representation of a binding, which used UUID to represent the global 
unique binding identifier, used URIs to represent the subject and the object that are the 
references of data and metadata resources, respectively, and used tags to describe the 
binding. A set of operations for the binding are specified based on the formal definitions.
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To evaluate the viability of the design, a prototype binding service has been implemented. 
The design of the binding service is kept simple which can largely reduce implementation 
costs and complexity when integrating with an external application. The binding service 
is a generic tool which can be integrated with various applications. An existing system 
can adopt a binding service to have binding facilities automatically, i.e. to create and look 
up bindings, and to validate consistency of information.
The performance evaluation of the binding service has been obtained by experimental 
analysis. A number of existing scientific systems were observed and analysed to char­
acterise the workloads that a binding service would need to support. These were then 
fitted to parametric statistical description of the workloads so that synthetic workloads 
with comparable properties could be simulated. The simulated workloads were applied to 
the binding service to measure performance. The performance results show that the bind­
ing service is capable of handling different types of workloads in small to large scales. In 
the subsequent experiments, we drilled down to the scalability issue. The results of the 
experimental evaluation of the Hadoop-based binding storage show that with merely basic 
configurations, the Hadoop binding system provide scalable storage capacities (sufficient 
for the current investigation), and Hadoop is potentially useful to serve as a simple strategy 
for scaling up the binding system.
To prove the value of the binding approach and demonstrate binding usage, we have 
provided a sample installation of a binding service to the Testing EurExpress system, and 
the experimental evaluation results. The results show that the binding service is able to 
detect consistency failures embedded in the scientific data at affordable computational 
cost. To illustrate the binding usage in other types of scientic applications, the binding 
solutions to seven representative use scenarios have been provided. The results show that 
the binding service is a generic tool which can be easily integrated with other services or 
software tools and support various use cases.
Finally, we have examined the previous question that whether the Linked Data ap­
proach was identical to the binding approach and was more advanced to serve the binding 
requirements? We have compared the two approaches from five perspectives, and the 
discoveries influenced our decisions included: 1) an RDF graph would need to adopt an 
agreed structure and ontology so that the mapping to and from binding was consistently 
interpreted; 2) an RDF binding store would not be transaction-based; 3) the SPARQL 
query language would need extensions to support statistical functions, and SQL would 
be more suitable to process scientific data; and 4) the Linked Data approach used only 
HTTP network protocol which would be insufficient for supports of scientific data and 
metadata. The conclusions were that the binding approach was a different approach to the 
data-reference model. The design of the simple binding service was more feasible to the
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requirements for scientific data and metadata. Therefore, we proceeded with the original 
design.
As the final remark, Jim Gray (2007) indicated that currently scientists have very few 
generic tools for collecting and analysing and processing the data; and only a small num­
ber of scientific projects can afford expensive software development and scalable repos­
itories, and a large number of small projects cannot have the facilities [Gray 07]. The 
proposal of the binding approach is a response to this important call. By providing compu­
tational capabilities over references to scientific data/metadata (rather than hosting them), 
the binding approach enables a generic and cheap solution for managing large-scale het­
erogeneous scientific data and metadata. The approach targets the users of those small 
scientific projects which are in a large number, to help them deliver high quality of re­
search in a cheaper way.
The study is timely. In March 2009 after the web being invented for 20 years, Tim 
Bemers-Lee initiated the open data movement. Towards the end of the year, both UK 
and US governments make the data open accessible under the principles of the Linked 
Data. This study looks at one of specific domains of the open data, the scientific data and 
metadata. Linking scientific data allows scientists to reference results of other experiments 
or studies from other domain areas to gain insights of the knowledge. In a sense, it enables 
science to be conducted through more open and scalable collaborative activities. Although 
the focus was on the data and metadata, the approach has the capacity to transparently 
include and interrelate resources and other relevant information.
9 . 2  F u t u r e  W o r k
There are several elements could be extended in future work.
Firstly, in Chapter 5, we have used only basic configurations to test the Hadoop-based 
binding storage. This was because the experimental equipment was limited when we per­
formed the experiment. Although the experiment exercises have provided us with useful 
experience and sufficient results for current investigation, once the resource is available, 
we plan to use well-turned Hadoop clusters, which would provide more realistic and larger 
scale measures.
Secondly, the comparison of the binding service and the Linked Data approach in 
Chapter 8 has been focused on the system properties. This was because the main purpose 
of the comparison was to evaluate the feasibility of the design. Although we have obtained 
sufficient evidence to make the decision, it would be more convincing if the performance 
measures could also be provided. We plan to implement a Linked-Data-based binding 
service and use the controlled experiment to compare the approaches. For example, we
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could use the workload simulator to generate various types of workloads at various scales, 
and simultaneously apply them to the two services. The performance of response time and 
throughput can then be collected for comparisons.
Finally, in Chapter 7, for the demonstration purposes we have provided realisations 
of two types binding inconsistency checking by the prototype implementation of the con­
straint language. In future research, we can extend the implementation to address different 
types of binding failures. The results can provide more evidence to show the usefulness 
of the binding service.
The study also opens up numerous directions for future research.
We believe that the binding service is potentially useful to help individual scientists 
with their work, and we will encourage the use of this technology. We hope to introduce 
the binding service to domain scientists, help them to install the system, and provide 
guidance for use. We will use surveys to collect user feedback, and monitor workloads to 
analyse the usability. Both will be used for continuing improvements of the design and 
implementation.
Another direction could be workload modelling and simulation for scientific data. 
During the study we found that many scientific systems did not provide workloads for 
analysis, which probably because the collection of such information would require ex­
tra implementation and management effort. We have analysed workloads of a number 
of existing scientific systems and shown that different systems could have very different 
workload patterns. As different workload inputs may lead to very different performance 
results, it is important to have workload evidence for decision making in design and im­
plementation. For a future task, we will look at more scientific data and metadata systems 
and identify new characteristic workload patterns. We then can extend the simulator to 
generate new types of workloads, which can be used for later evaluations or to support 
other researchers.
Finally, the positive experience with Hadoop motivates further explorations in the area 
of the Cloud computing. We have noted the potential to enhance the performance of the 
Hadoop, and we propose a novel approach for optimising binding processes over Hadoop 
clusters. Briefly, we have identified that data partitioning was crucial to the performance 
of binding creation and retrieval over a cluster, and we propose two intelligent partitioning 
algorithms, K-Means Clustering and Fuzzy K-Means Clustering, which assign bindings 
into Hadoop datanodes so that bindings in the same node are similar, where the similarity 
is measured by the distance between the binding and the centroid of clusters formed by 
K-Means Clustering algorithm. The hypothesis is, if similar bindings are stored together, 
data locality will be high, that is if a binding satisfies a query, it is likely that the ‘friends’ 
of the binding will as well. A Fuzzy K-Means Clustering is to allow overlap of clusters.
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This is to examine whether a certain level of redundancy could improve or degrade the 
system performance. Appendix B describes the algorithms in details, and provides an 
experiment plan for testing the hypothesis.
In the longer term, we envisage binding services as part of the web-service ecosystem 
being widely used by researchers and other applications. The APIs would evolve to ac­
commodate usage but continue to support the primitive functions introduced in this thesis. 
New engineering approaches would then be justified, such as incremental rule validation 
on update or periodically. Investment in tools that use the binding services would make 
them easy and intuitive to use. How best to present the binding facilities in those tools is 
an open research question.
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A p p e n d i x  A
T h e  T e s t i n g  R D F  Triples
The following RDF triples are used for the evaluation of SPARQL queries presented in 
section 6.5.
< ? x m l  v e r s i o n = " l . 0 " ? >
< r d f : R D F  x m l n s : r d f = " h t t p : / / w w w . w 3 . o r g / 1 9 9 9 / 0 2 / 2 2 - r d f - s y n t a x - n s # M
x m l n s : b i n d i n g = " h t t p : / / w w w . b i n d i n g s t o r e . o r g / b i n d i n g r e p r e s e n t a t i o n # ">  
c b i n d i n g : i d  r d f  : a b o u t = " h t t p : / / w w w . b i n d i n g s t o r e . o r g / b i n d i n g s / 7 3 b 2 a 8 e e - d d 7 6 - 4 7 e b - 9 6 2 c - 0 8 f 5 4 3 0 f 3 1 3 d " > 
c b i n d i n g : s u b j e c t  r d f : r e s o u r c e = " h t t p : / / w w w . d g e m a p . o r g / i m a g e s / e m b r y o 0 2 9 . p n g " / > 
c b i n d i n g : o b j e c t  r d f  : r e s o u r c e = " h t t p : / / w w w . d g e m a p . o r g / a n n o t a t i o n s / q u e r y ? e r a b r y o l d = 0 2 9 " / > 
c b i n d i n g : t a g > I S e m b r y o 0 2 9 < / b i n d i n g  : t a g >  
c b i n d i n g : t a g  r d f : n o d e I D = " _ t a g l " / >  
c / b i n d i n g  : i d >
c r d f : D e s c r i p t i o n  r d f  : n o d e I D = n_ t a g i " >
c b i n d i n g : k e y > c r e a t i o n t i m e c / b i n d i n g : k e y >
c b i n d i n g : v a l u e  r d f : d a t a t y p e = " h t t p : / / w w w . w 3 . o r g / 2 0 0 1 / X M L S c h e m a # d a t e " > 2 0 1 0 - 0 2 - l l c / b i n d i n g : v a l u e > 
c / r d f : D e s c r i p t i o n >
c b i n d i n g : i d  r d f  : a b o u t = " h t t p : / / w w w . b i n d i n g s t o r e . o r g / b i n d i n g s / 4 3 b 2 a 8 e e - d d 7 6 - 4 7 e b - 9 6 2 c - 0 8 f 5 4 3 0 f 3 1 3 d ">  
c b i n d i n g : s u b j e c t  r d f  : r e s o u r c e = " h t t p  : / / www. d g e m a p . o r g / i m a g e s / e m b r y o O 3 0 . p n g " / > 
c b i n d i n g : o b j e c t  r d f  : r e s o u r c e = " h t t p : / / w w w . d g e m a p . o r g / a n n o t a t i o n s / q u e r y ? d i s o r d e r = y e s " / > 
c b i n d i n g : t a g  r d f  : n o d e I D = " _ t a g 2 " / >  
c b i n d i n g : t a g > d i s o r d e r e d c / b i n d i n g : t a g >  
c b i n d i n g : t a g  r d f  : n o d e I D = " _ t a g 3 " / >  
c / b i n d i n g : i d >
c r d f : D e s c r i p t i o n  r d f  : n o d e I D = " _ t a g 2 " >
c b i n d i n g : k e y > c r e a t i o n t i m e c / b i n d i n g : k e y >
c b i n d i n g : v a l u e  r d f : d a t a t y p e = " h t t p : / / w w w . w 3 . o r g / 2 0 0 1 / X M L S c h e m a # d a t e " > 2 0 1 0 - 0 2 - 1 0 c / b i n d i n g : v a l u e > 
</r d f : D e s c r i p t i o n >
c r d f : D e s c r i p t i o n  r d f  : n o d e I D = n _ t a g 3 " > 
c b i n d i n g : k e y > u s e r c b i n d i n g : k e y >
c b i n d i n g : v a l u e  r d f : d a t a t y p e = " h t t p : / / w w w . w 3 . o r g / 2 0 0 1 / X M L S c h e m a # s t r i n g " > B o b c / b i n d i n g : v a l u e > 
c / r d f : D e s c r i p t i o n >
c b i n d i n g : i d  r d f : a b o u t = nh t t p : / / w w w . b i n d i n g s t o r e . o r g / b i n d i n g s / 5 3 b 2 a 8 e e - d d 7 6 - 4 7 e b - 9 6 2 c - 0 8 f 5 4 3 0 f 3 1 3 a ">  
c b i n d i n g : s u b j e c t  r d f  : r e s o u r c e = " h t t p : / / w w w . d g e m a p . o r g / i m a g e s / e m b r y o O 3 1 . p n g " / > 
c b i n d i n g : o b j e c t / >  
c b i n d i n g : t a g  r d f : n o d e I D = " _ t a g 4 " / >  
c / b i n d i n g  : i d >
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< r d f : D e s c r i p t i o n  r d f : n o d e I D = " _ t a g 4 " >
c b i n d i n g : k e y > c r e a t i o n t i m e c / b i n d i n g : k e y >
< b i n d i n g  : v a l u e  r d f  : d a t a t y p e = " h t t p  : / / w w w . w 3 . o r g / 2 0 0 1 / X M L S c h e m a t d a t e "  > 2 0 1 0 - 0 2 - 2 l c / b i n d i n g  : v a  l u e  > 
< / r d f  : D e s c r i p t i o n >
c b i n d i n g : i d  r d f  : a b o u t = " h t t p : / / w w w . b i n d i n g s t o r e . o r g / b i n d i n g s / 1 3 b 2 a 8 e e - d d 7 6 - 4 7 e b - 9 6 2 c - 0 8 f 5 4 3 0 f 3 1 3 a ">  
c b i n d i n g : s u b j e c t  r d f  : r e s o u r c e = " h t t p  : / / www. d g e m a p . o r g / i m a g e s / e m b r y o 0 3 0  . p n g " / >  
c b i n d i n g : o b j e c t  r d f  : r e s o u r c e = " h t t p : / / w w w . d g e m a p . o r g / a n n o t a t i o n s / q u e r y ? e m b r y o l d = 0 3 0 " / > 
c b i n d i n g : t a g > e m b r y o c / b i n d i n g  : t a g >  
c b i n d i n g : t a g > a n n o t a t e d  b y  H D B R c / b i n d i n g : t a g >  
c b i n d i n g : t a g > h e a d c / b i n d i n g : t a g >  
c b i n d i n g : t a g  r d f  : n o d e I D = " _ t a g 5 " / >  
c b i n d i n g : t a g  r d f : n o d e I D = " _ t a g 6 " / >  
c / b i n d i n g  : i d >
c r d f : D e s c r i p t i o n  r d f  : n o d e I D = " _ t a g 5 " >
c b i n d i n g : k e y > c r e a t i o n t i m e c / b i n d i n g : k e y >
c b i n d i n g : v a l u e  r d f : d a t a t y p e = " h t t p : /  / w w w . w 3 . o r g / 2 0 01  / X M L S c h e m a # d a t e " > 2 0 1 0 - 0 2 - 2 1  c / b i n d i n g : v a l u e >  
c / r d f  : D e s c r i p t i o n >  
c r d f ¡ D e s c r i p t i o n  r d f : n o d e I D = " _ t a g 6 " >  
c b i n d i n g : k e y > u s e r c / b i n d i n g : k e y >
c b i n d i n g : v a l u e  r d f : d a t a t y p e = " h t t p : / / w w w . w 3 . o r g / 2 0 0 1 / X M L S c h e m a # s t r i n g " > A 1 i s o n < / b i n d i n g  : v a  l u e >  
c / r d f : D e s c r i p t i o n >
C / r d f : R D F >
A p p e n d i x  B
A  P l a n  for E x p e r i m e n t a l  E v a l u a t i o n  
of B i n d i n g  Partitioning A p p r o a c h e s  
in t h e  C l o u d
B . 1  M o t i v a t i o n
The positive experiences with the Hadoop-based binding system lead to a proposal of new 
partitioning approaches for a binding Cloud.
Data partitioning splits the datasets into separate blocks of datasets, and places them 
on the storage servers. The ability to partition data in an efficient and high-performance 
manner requires a high level of skill. Automating this process remains an elusive goal. An 
appropriate partitioning can dramatically improve the system performance. In contrast, an 
inappropriate partitioning can actually decrease the performance even with the addition 
of more servers. Consider the example shown in Figure B.l, (a) illustrates a horizontal 
partitioning which splits rows into two stores X and Y, and (b) shows a vertical partitioning 
which splits fields and places them on three servers X, Y, and Z. Given a query “Find A 
where B>1”, approach (a) allows two servers working simultaneously, and each of them 
processes half of the datasets. Total speed gain will be 50% (in theory). In the case of
(b), the selection of “B>1” is performed on Z which ships the results to the server Y. Y 
filters out the datasets and passes them to X, and the latter scans the local data store and 
returns the final results. In this case, parallelisation cannot be performed by (b), and the 
data shipping appears to be the bottleneck. However, approach (b) will be very efficient 
for other types of query such as “sum up all B and all A”.
The Cloud model provides a programmable interface, which makes it possible to send 
the functions to each slave server for executions. This can be called as Computing Par­
titioning, which, in combination of Data Partitioning, could offer a greater degree of 
flexibility.
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1. Fino A  w h ere  B >1 
2. Return {1 , 2 )






( a )  H o r i z o n t a l  P a r t i t i o n in g
5. Find a i , j 2  / 4 J te tu rn [a > M a ^ \












*  3. Find b2 \2^Return{t>2)
( b )  V e r t i c a l  P a r t i t i o n i n g
F ig u r e  B.1 : T w o  P a r t it io n in g  A p p r o a c h e s
Partitioning is a crucial for optimising the performance of the Cloud-based binding 
system. It relates to various computing processes, such as staging of data into computa­
tions, mapping of complex query onto resource nodes, redistribution of individual dataset, 
and replication for availability or durability.
B . 2  H y p o t h e s i s
We hypothesise that a Cloud-based binding storage system with an intelligent partitioning 
mechanism is both scalable and efficient.
To test the hypotheses, novel partitioning approaches will be developed, and perfor­
mance of the different approaches will be compared by controlled experiments. A simu­
lation environment will be established. The current workload simulator will be extended 
so as to generate ultra-scale concurrent user requests. It is also possible to use existing 
Cloud workload simulation tool such as CloudStone [Sobe 08]. If the new binding ser­
vice can support ultra scale synthetic workloads simulated via the load generators and 
present graceful performance features in efficiency and productivity, the project could be 
considered to have succeeded.
B . 3  P a r t i t i o n i n g  A p p r o a c h e s
Three partitioning approaches will be tested in a Clound-based binding storage system.
A. Simple Random Partitioning. Initially, a Simple Random Partitioning approach will 
be practised, which uses hashing functions randomly distributing data among all nodes of 
a Cloud cluster.
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< b i c \  {{tag* .tag5>. s* ,01»  
{ b id l  {{tag2} s l , o 2 } }  
< b i c \  { { tag\ tag3> . s2.o3>} 
{ b i d v  {{tag4}. s 2 ,o l } }
F ig u r e  B .2 : H a s h  B a s e d  S im p le  R a n d o m  P a r t it io n in g  A lg o r i t h m s
Recall the binding data structure, which can be easily converted into a Key/Value pair 
used by Map/Reduce programming, thus have:
< id, d, m, {a0, au ...,an}>
For a «-node Cloud cluster, given a A-key space, each node can be regarded as a hash 
bucket maintaining a partial key space [(x-l)x(N/n)+l, xxN/n], On binding creation, 
each binding can be ‘hashed’into an appropriate binding-bucket. Figure B.2 illustrates 
this process with a 4-node cluster and a 400-key space.
On binding searching, only buckets containing the relevant values will be scanned. 
For example, for a query “Find bindings where 187<id<215’\ B and C will parallelised 
process the query and deliver the results.
The Simple Random Partitioning will establish a baseline for a further study.
A novel partitioning methods is proposed here which uses Clustering algorithms. 
Clustering is the assignment of a set of observations into subsets (clusters) so that ob­
servations in the same cluster are similar in some sense. Bindings are quantised into 
clusters based on similarity, and the clusters are assigned to storage-nodes in the Cloud. 
Intuitively, if similar bindings are stored together, data locality will be high - if a binding 
satisfies a query, it is likely that the ‘friends’ of the binding will as well.
Two Clustering algorithms are considered: K-Mean Clustering and Fuzzy K-Mean 
Clustering.
B. K-Mean Clustering Partitioning. K-Mean Clustering is a widely used cluster formu­
lation. Figure B.3 depicts the proposed K-Mean Clustering Partitioning. The algorithm 
works as follows: (1) It begins with a decision on the value of K, the number of clusters 
= the number of nodes. Then, (2) an initial partition is performed that classifies the bind­
ings into K clusters. This can be done by using the Simple Random Partitioning approach 
described above. (3) Take each binding in sequence and compute its distance from the
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F ig u r e  B .3 : A  K - M e a n  C lu s te r in g  P a r t it io n in g  A p p r o a c h
centroid of each of the clusters. The centroid can be a randomly chosen binding from the 
cluster. (4) If a binding is not currently in the cluster with the closest centroid, move this 
binding to that node and update the centroid of the cluster gaining the new binding and 
the cluster losing the binding. Finally, (5) repeat step (4) until convergence is achieved.
The distance between the binding and the coentroid is measured by similarity. The 
binding similarity function is defined as follows:
Sim(bi,bj) = xv0 x Sim(oi,Oj) +ws x Sim(sj,Sj) + wj x Sim(Ti, Tj) (B. 1 )
wa, ws, wt are the weights of binding object, binding subject, and binding tags, re­
spectively, while Sim(oi,Oj), Sim(sj.Sj), Si?n(Ti,Tj) are similarity functions for the three 
binding attributes. For the similarity functions for binding object and binding subject, the 
distance between URIs will be measured. For the similarity function for binding tag sets, 
two algorithms have been implemented, based on Jaccard’s Coefficient1 and based on the 
Vector Space Model2.
C. Fuzzy K-Means Clustering. In K-Mean Clustering approach, the binding clusters are 
mutually exclusive, and a binding can only belong to exactly one cluster. Depending on 
the similarity function applied, a binding can be actually assigned to different clusters. 
The Fuzzy K-Mean Clustering partitioning is introduced here, which allows overlap of 
clusters. It will be interesting to see whether a certain level of redundancy could improve 
or degrade the system performance.
'S e e  related material and documents.
2
See related material and documents.
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F ig u r e  B .4 : A  F u z z y  K - M e a n  C lu s te r in g  P a r t i t io n in g  A p p r o a c h
The equation used by the Fuzzy K-Mean Clustering is give as follows: [Bezd 81, 
Demb 03, Okam 03]:
K N
J(K,m) = YJH M md2{xi,ck) (B.2)
k=1 i= l
K and N are the number of clusters and bindings, m is a parameter which relates to ‘fuzzi- 
ness’of resulting clusters, û  is the degree of membership of binding x,- in cluster k, 
d2{%i,Ck) is the distance from binding x, to centroid Ck- The same similarity function 
developed above will still be applied. The parameters in the equation are the cluster cen­
troid vector Ck and the components of the membership vectors Calculated «*,- shows 
the belonging ratio to a cluster k, and centroid q shows the representative binding profile
of a cluster k. These unknown parameters can be obtained using the following algorithm
[Bezd 81, Demb 03]:
(1) Randomly select K bindings as initial cenrioids ĉ  and partitions of all bindings 
around these centroids.
(2) For each cluster, compute the centriodes Ck'.
zf=iK-r̂ /
*  E m ( « « ) " '  ’  ” • (  }
(3) For each cluster, sequence scan the bindings and compute the membership values
Uki'.
1
Uki — ~ (B.4)
[  d ^ Xi, c ) \
(4) Move the non-member bindings to a possible cluster, and repeat (2) and (3) until 
stabilisation.
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Client
F ig u r e  B .5 : A  C lo u d - b a s e d  b in d in g  s e r v i c e
The proposed Clustering partitioning approach can be feasible and widely applicable 
since many scientific data analysis have to search uncertain data [Ge 08, Soli 07], where 
equality matching is no longer utilised, instead, similarity-based queries, top-k ranking or 
approximated answers become more popular. By using the Cloud computing, the com­
puting can be highly efficient, since all nodes can process the calculations simultaneously. 
This will suit for classifying very large-scale data.
B . 4  E x p e r i m e n t
The system architecture is depicted in Figure B.5. A Partitioning Engine will be devel­
oped by using Map/Reduce programming model. The web-based binding service will be 
glued on the Cloud programming interface, and be situated above the Partitioning En­
gine. The Partitioning Engine will be placed within the master node to interact with the 
Cloud operating system interface. The Hadoop will be used as the Cloud implementation 
framework.
Experiments will be established to compare the efficiency of the three partitioning 
approaches and evaluate the binding system performance in term of scalability and speed.
To compare the efficiency of the three partitioning algorithms, <20 typical queries will 
be implemented. It may not be able to evaluate 20 queries, but characteristic queries, such 
as point queries, range queries, similarity queries, top-k ranking, will be designed and 
implemented. Given different type of queries, for a fix number of the nodes, the (worst) 
average query response time and system throughputs will be measured and compared.
To evaluate the binding scalability, the system behaviours under increased workloads 
will be observed. It is expected that by adding the Cloud nodes, the system performance
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will keep unchanged as the user numbers and access volumes increases. The workload 
simulator will be extended to generate requested workloads. The effects of three factors 
on the performance will be examined: (1) the types of workload, (2) the scale of the 
workload, and (3) the scale of the user.
Each configuration will be repeated 10 times, and the mean values, the Standard Errors 
(SEs) and the 95% Confidence Intervals (95% CIs) will be calculated. The experimental 
data will be presented, and useful conclusions will be drawn from carefully analysis.
B . 5  C o n c l u s i o n
The Cloud computing opens a new direction for the study of bindings and leads the re­
search into a new distributed paradigm. Many interesting research can be done, and many 
open areas remain unexplored. It can be expected that some of the binding issues, i.e. 
performance and scalability, can probably be resolved, meanwhile new issues will arise 
which are challenging and exciting.
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70270902 C796.51 The Channel Island W ay 2011 £13.16 8" P/Bbk
00850586 C821 MET Metvier, George Poesies Guernesialses et Françaises 1883 £97.94 Leather reback
30038944 C900 Stevens, Charles
The Lettres Closes and Ancient Petitions 1200-1454 A 
Survey
1978 £20.60 12" P/bk
00850039 C911 The New Guide Book for Jersey and Guensey [18421 £41.90 7" Ant. Cloth
7021753X J310 LSF
Dénombrement des Habitantes de L'isle de Jersey, 
avec les noms de ceux de la paroisse de St Laurens
1788 £54.80
14" Ant. Cloth 
Rebind
01483048 J341.37
An Index o f International agreements of interest to 
Jersey
[1997] £20.60 12" P/bk
01720228 J385 Bonsor.N.R.P. The Jersey Railway 1969 £13.46 9" P/bk
01471309 J720 Ferrari, Andre Jerse's Lost Heritage 1996 £20.30 12" P/bk
30566576 J726.5 Easterbrook, Caroline
How does the glasswork o f Rene Lallque In St 
Matthew's Church, Millbrook, Jersey, relate to his 
complete oeuvre?
1975 £20.60 12" P/bk
70057133 J730 The Jersey Public Art strategy £17.90 12" P/bk
0249549X J782.24 Larbalestier, P.G. Emmanuel: a sacred cantata £17.90 11" P/bk
70227489 J793.73 Henwood, R.C. So you think you know Jersey? 1998 £10.76 9" P/bk
70227624 J793.73 Henwood, R.C. So you think you know Jersey? 1998 £10.76 9" P/bk
70227705 J793.73 Henwood, R.C. So you think you know Jersey? 1998 £10.76 9” P/bk
70227527 J793.73 Henwood, R.C. So you think you know Jersey? 1998 £10.76 9" P/bk
02495813 J821 THO Thompson, Vincent St Helier, the hermit; a poetic vision 1834 £64.52 Cloth reback
70217491 J902 Local historical chronology 1892 £39.56 7" Ant. Cloth
01191888 J911 Black, C.B. Guide to Jersey 1902 £31.58 7" Ant. Cloth
02203227 J911
A guide to Jersey with some account of Its government, 
its laws and privileges
1856 £34.82
7" Ant. Cloth
0220326X J911 A week's visit to Jersey 184- £30.80 7" Ant. Cloth
02203383 J911
New and Improved guide and visitor's souvenir o f the 
Island of Jersey, containing excursions to its beautiful 
scenery...
£30.08 7" Ant. Cloth
70283192 J912 LSF Stead, John Map of Jersey [from Caesareal 1799 £39.51 Repair & Encap
30634822 J914.234 Chamber of Commerce Jersey Channel Islands [1957] £15.86 9" P/bk
0119190X J914.234
States of Jersey 
Tourism
Official guide Jersey Channel Islands [1947] £13.46 9" P/bk
01332732 J92 FAL Sutherland, Lucie
How did Philip Falle's career give him the opportunity to 
amass his unique library collection
[1990] £20.60 12" P/bk
40124320 J929.2
Norrey's Inventaire d'une Bibliothèque de famlle 
historique, héraldique...
£20.80 11" Cloth
01961322 J929.4 Stevens, Charles A Catalogue of Jersey surnames 1970 £20.72 12" P/bk
40113841 J942.34 Lake, Chris Images o f the past 1987 £13.46 10” Scenic
00815764 J942.34 Lake, Chris Images o f the past 1987 £13.46 10" Scenic
70228868 J942.34084 Ginns, Michael The German armed forces in Jersey 1940-45 2009 £17.90 11" P/bk
7022885X J942.34084 Ginns, Michael The German armed forces in Jersey 1940-45 2009 £17.90 11" P/bk
70022445 J942.34084 Jersey war tunnels Ho8 German underground hospital £15.86 9" P/bk
02491982 J942.34084 Langstaff-Ellis, J.W.
An examiniation of the degree And types of resistance 
displayed by the Islanders of Jersey to the German 
military authority during the years of occupation 1940- 
1945
1979 £20.72 12" P/bk
7022031X J942.34084 Lewis, John A  doctor's occupation n.d. £10.76 7" P/bk
70220352 J942.34084 Lewis, John A doctor's occupation n.d. £10.76 7" P/bk
7022028X J942.34084 Lewis, John A doctor’s occupation n.d. £10.76 7" P/bk
Periodical Channel Islands Occupation Review No 38 2010 £12.66 9" P/bk
Total Est. £1,180.43
Estimate supplied to Heather Morton 4.10.11 by Charles Dunn 
Official order number:
GENERAL INSTRUCTIONS
Transfer old barcodes where necessary
Letter spines where necessary including classmarks and publication dates when requested
Photocopy inside front & rear covers if necessary and bind in or paste down on new pastedowns
Repair covers or pages if torn or needing patches
Retain sewing or perfect bind or resew if antiquarian and loose pages
Replace library sleeves on sleeved hardbacks
Retain and remount outer cover title panels where requested
Retain leather bindings and repair by rebacking with corner tips to boards if needed
